














A dissertation submitted to the faculty of the University of North Carolina at Chapel Hill  
in partial fulfillment of the requirements for the degree of Doctor of Philosophy in the 














Michael R. Falvo 
Klaus M. Hahn 
Richard E. Cheney 




















































Evan F. Nelsen 










Evan F. Nelsen: Atomic Force Microscopy with a Versatile Optics System for Applications in Biophysics 
(Under the direction of Richard Superfine) 
 
 Cells possess the ability to sense their environment through mechanical means. These 
interactions include forces from and the extracellular matrix (ECM), fluid flow, and cell-cell adhesion. 
Abnormal cell mechanical characteristics and failures in a cell’s ability to detect and respond properly to 
its mechanical environment are implicated in a host of disease states such as muscular dystrophies, 
emphysema, asthma, hypertension, and cancer. The cell’s cytoskeleton is the interconnecting network of 
filaments and tubules that mediates forces involved in maintaining cell shape, facilitating motility and 
bearing mechanical loads. Therefore, tools capable of applying and measuring the forces involved in how 
cells behave mechanically while simultaneously imaging the parts of the cell responsible for the 
interaction, such as their cytoskeleton, are an important step toward understanding how cells function and 
understanding diseases. In this project, I expand upon previous work combining the atomic force 
microscope (AFM), with its versatility of operation and range of detectable forces, with the high-quality 
fluorescence imaging of light sheet microscopy by adding a versatile optics system, called a Versatile 
Illumination Engine With a Modular Optical Design (VIEW-MOD). VIEW-MOD is an optical engine 
designed to incorporate multiple advanced fluorescence microscopy techniques into a single optical 
pathway. It is capable of rapid switching between techniques and is completely computer controlled. It is 
the first instance of controlled illumination for point, broad and light sheet all realized in one illumination 
pathway. Here I develop and apply the system’s capability of two-color light sheet volume scanning with 
simultaneous AFM data to phagocytosis and find podosome-like structures form under the AFM bead tip 
during phagocytosis. I demonstrate the first AFM and phagocytosis experiment, and inform mechanical 
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Chapter 1: An Introduction to Current Needs in the Study of Cell Mechanics by Atomic Force Microscopy 
  
 Mechanical properties of internal and external cellular environments affect cellular behavior. This 
means that new techniques for probing the mechanical response of cells are needed to push the 
boundaries of the field. Atomic Force Microscopy (AFM) is a technique that has been extensively used to 
study cell mechanics. Combined with light sheet microscopy and an innovative versatile optics system 
allows high frame rate and high-quality imaging, the AFM with a versatile optics system becomes a 
powerful tool to probe and observe cell behavior during mechanical stimulation. This chapter introduces 
the reader to the current state of cell mechanics, applications AFM in studying cell mechanics including 
AFM combined with fluorescent microscopy and the significance and goals of this project. The sections 
are: 
1.1 Cell Mechanics 
1.2 Use of Atomic Force Microscopy in Studying Cell Mechanics  
1.3 Light Sheet Fluorescent Microscopy 
1.4 Significance and Goals 
 
1.1 Cell Mechanics. 
Cells are the basic unit of biological life. They come in a myriad of shapes, sizes and functions. 
Understanding them is crucial to understanding of ourselves and of our health. Oftentimes, cells are 
described as a densely packed soup of biomolecules that respond to chemical and biochemical signals. 
While this is true, the past couple decades have revealed that cells also sense and respond to 
mechanical cues from their environment. This mechanical sensing was implicated in influencing cell 
shape, interactions with the extracellular matrix (ECM), and the cell-cycle1. Since then, scientists have 
identified numerous mechanically affected or transducing components inside the cell. See Figure 1.1.1 for 
a sampling of the variety of structures that cells use to sense and respond to their environment 
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mechanically. These range from the finger-like protrusions, filopodia,2,3 to the mechanically activated ion 
channels Piezo 1 and 2.4  For example, filopodia have a strong role in foreign pathogen identification and 
particle capture, a process known as phagocytosis, and in several diseases’ progression.5,6  
Figure 1.1.1. Cell Mechanical Sensing: Cells can respond to external mechanical stimuli, such as from 
the ECM, fluid flow, and other cells through cell-cell contacts. The ways they sense and respond to their 
mechanical environment is myriad. Some examples are drawn above. They include many from the 
cytoskeleton such as the many structures formed by actin, the LINC complex, focal adhesions, and 
microtubules. Single protein complexes, like Piezo ½ ion channels and receptors can respond to force. 
Even the nucleus, the vessel for the cell’s genetic information, is involved in mechanical sensing. 
We know that cell differentiate in large part due to mechanical cues from their environment (See Figure 
1.1.2). In Engler, et al., stem cells grown on substrates of different stiffnesses expressed proteins 
corresponding to cell types in the body with similar environmental stiffness.7 This suggested that 
mechanical signals change gene expression in cells. Recently, direct evidence that this occurs through 
the stretching of chromatin has been published.8 A model for their particular application is shown in Figure 
1.1.3. Besides basic biological research, the field of cell mechanics has informed our understanding of 
diseases. Failures in cellular mechanical interactions have been implicated in a host of disease states 
such as muscular dystrophies, emphysema, asthma, hypertension, and cancer.3 Cancer in particular is of 
interest to the field because cancer cells are, in general, softer than their wild type counterparts. And the 
softer the cells are the more invasive the cancer is 9. What determines a cell’s mechanical behavior is 
governed primarily by its cytoskeleton. The cell’s cytoskeleton is the interconnecting network of filaments 




Figure 1.1.2 Protein and Transcript Profiles Are Elasticity Dependent under Identical Media 
Conditions. (A) The neuronal cytoskeletal marker b3 tubulin is expressed in branches (arrows) of initially 
naive MSCs (>75%) and only on the soft, neurogenic matrices. The muscle transcription factor MyoD1 is 
upregulated and nuclear localized (arrow) only in MSCs on myogenic matrices. The osteoblast 
transcription factor CBFa1 (arrow) is likewise expressed only on stiff, osteogenic gels. Scale bar is 5 mm. 
(B) Microarray profiles of MSCs cultured on 11 or 34 kPa matrices, with expression normalized first to 
actin and then to expression of committed C2C12 myoblasts and hFOB osteoblasts. (C) Fluorescent 
intensity of differentiation markers versus substrate elasticity reveals maximal lineage specification at the 
Etypical of each tissue type. Average intensity is normalized to peak expression of control cells (C2C12 or 
hFOB). Blebbistatin blocks all marker expression in MSCs. Reprinted from Cell, Vol 126 /Issue 4, Engler, 
Adam J, Sen, Shamik, Sweeney, H Lee, Discher, Dennis E. Matrix elasticity directs stem cell lineage 





Figure 1.1.3 A model for direct force impact on gene activation: A local surface force via integrins is 
propagated through the myosin II tensed actin cytoskeleton to the LINC (via SUN1 and SUN2) complex, 
to nuclear lamins, and is then transferred to the flanking chromatin through BAF and HP1 proteins and 
other molecules. The flanking chromatin transfers the force to deform and to stretch the chromatin 
segment containing the DHFR gene at the nuclear interior, facilitating binding of the RNA Polymerase II 
and transcription factors to upregulate DHFR transcription. Note that underneath each nuclear protein is 
its gene name. Not drawn to scale. This is figure 6 from Tajik, A. et al. 8  Reprinted by permission from 
Springer Nature: Nature Materials. Transcription upregulation via force-induced direct stretching of 
chromatin. Tajik, A. et al. (2016). 
 
facilitating motility and bearing mechanical loads.4 Thus, probing how cells and their cytoskeleton respond 
to forces is important for understanding how cells function and understanding disease. In the applications 
to the system described herein, actin and the nucleus are two parts of the cytoskeleton that are most 
studied. The system’s applications add to the field’s growing body of knowledge in nuclear mechanics 
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Table 1.1.1. Summary of common techniques for cell mechanical characterization. Table adapted 
from Basoli, Francesco, et al., 201828. 
 
 With the explosion of interest in cell mechanics research, new tools and techniques must be 
developed and old tools must be improved to further future research. Several common tools for studying 
cell mechanics with some advantages and limitations are listed in Table 1.1.1. Notice that each 
application is designed to measure forces at specific parts of and directions toward the cell. The 
technique I improved for studying cell mechanics involves the AFM. Note too there are several with wide 
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ranges of forces to be measured. What is listed is typical force ranges used in the literature and should 
not be regarded as complete limitation. In the next section, AFM for cell mechanics studies will be 
introduced along with a more in-depth look at its function and versatility, as well as, attempts to integrate 
it with optical microscopy. 
 
1.2 Use of Atomic Force Microscopy in Studying Cell Mechanics 
Over recent years, Atomic Force Microscopy (AFM) has become an important tool for probing the 
mechanics of the cell.5 Although commonly used as a topographical imaging tool, in biophysical 
applications, AFM is used to probe forces in tissue samples, cells, and even single molecules, detecting 
forces from the single molecule range of a few piconewtons to whole cell motions of several 
nanonewtons. Because of its versatility and range of forces detectable, AFM is ideally suited for cell 
mechanics. 
As illustrated in Figure 1.2.1, the basic operation of an AFM works by having a laser or super 
luminescent diode shine off the back of a cantilever onto a photodiode. A z-directed piezo lowers or 
raises the cantilever onto or near a specimen surface of interest. Once the cantilever draws near enough 
to interact with the surface forces, the cantilever will deflect either up or down. This deflection is detected 
by the photodiode via the laser and interpreted by Hooke’s Law as a force.  
The AFM is capable of several modes of operation. For cell mechanics, AFM uses contact mode 
where the cantilever with a tip comes into contact with the cell. For performing measurements to find the 
stiffness of a cell, the tip is pressed into the cell until a force trigger point is reached. This portion is called 
the approach part of the force curve, as shown in Figure 1.2.2. Typically, a Hertz or Sneddon model is fit 
to the approach part of the curve to determine the stiffness of the cell. The user is able to choose whether 
to dwell for a time at that force level or immediately retract. In the retraction part of the curve, adhesion to 
the cell can be used in cell mechanics studies, such as the DMK model (see Figure 1.2.3). It also 
provides useful information for cell surface molecule studies.  
 A few ways of operating AFM for cell mechanics studies are shown in Figure1.2.2. For most 





Figure 1.2.1 Main elements of a bio-AFM setup. The tip interacts with the probed sample and 
attractive/repulsive forces cause the cantilever to bend. Bending is monitored by shining a laser light onto 
the backside of the cantilever and measuring the position of its reflected light using a four quadrant 
photodiode. A set of three piezoelectric positioners allow nanometer-scale movement of the tip with 
respect to the sample. The stage is typically moved in the x-y axis, while the cantilever is moved on the z 
axis. Other configurations are also commercially available, for example, x-y-z piezoelectrics moving only 
the cantilever or only the sample. In commercial systems, the AFM stage is fitted directly onto the body of 
the epifluorescence microscope (replacing its own stage), to allow seamless integration and an 
unobstructed optical path for imaging. Adapted from Figure 1 from Gavara, N, et al.29 
 
model such as the ones in Figure 1.2.3 to the force versus indentation data. In force trigger mode, or 
constant force mode, the AFM can also be used to set the force to dwell at a constant value for a 
specified time. How the indentation evolves over time then becomes the important aspect to investigate. If 
a constant z-position mode is chosen, then how the force data evolves over time becomes the useful 
data. The two modes displayed in Fig. 1.2.2 (B) and (C) are used in the applications presented in this 
dissertation. 
One glaring issue in the current use of AFM elasticity is the inconsistency in values reported for 
the same cell types.30 One group identifies problems with the models and corrects them according to their 
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height above the substrate,31 but collecting height measurements for each cell would make an already 
low throughput slower and is not desirable in an experiment where the tip is functionalized. 
Figure 1.2.2. Some AFM modes of operation: (A) Typical force curve with the approach part of the 
curve in red and the retract in blue. Once the AFM detects the force trigger has been reached after it is 
indented into the cell (starting at 0), it reverses direction, often faster than the cell relaxation can keep up 
with, as seen in the difference in approach and retract. (B) A constant position trigger uses the z-piezo to 
park the cantilever at a particular distance to the cell, typically right above or indented into the cell. 
Typically, the AFM dwells at this value for some time. In this mode, the force versus time plot is the 
relevant data because the end of the cantilever is free for the cell to move. (C) In constant force mode, 
the AFM will reach a force value and, with a dwell stay at that level until it retracts. Usually, there are 
detachment events of the tip from the cell surface. In this mode, the indentation versus time plot is the 
relevant data to analyze because it shows the cell’s positional change to the force applied. 
 
In Schillers, H, et al., a way of taking cell elasticity measurements was developed to enable more reliable 
agreement between different AFMs called Standardized Nanomechanical Atomic Force Microscopy 
Procedure (SNAP).32 The procedure focused on improving sensitivity and spring constant calibrations. 
Rather than solely rely on manufacturer values or spring constants found through the instrument, they 






Figure 1.2.3.  Overview of the theories generally used to interpret compressive force 
spectroscopic data:  Various models used to obtain a measure of the Young’s modulus of cells, 
including the Hertz model (A); Sneddon model (C); and the Derjaguin–Muller–Toporov (DMT) model (D). 
(B) Depiction of the dynamic oscillatory model used to determine the visco-elasticity of cells. In each, the 
tip is colored grey and the indentation depth is δ; Adapted from Wang, Jiabin, et al., 2018.33 
 
consistency of living cell elasticity measurements by a factor of two. I took the findings into consideration 
but ultimately decided to use the Sader Method for cantilever calibration.34 Moreover, the Sader Method 
has the advantage that the tip never needs to touch a surface before use, which is highly desirable for a 
functionalized tip. 
In order to see a cell’s response to the mechanical stimuli from the AFM, an optical fluorescence 
microscope is often used in combination to view the parts of the cell of interest. Usually, fluorescently tag 
proteins and dye other molecules which are involved in the structure or signaling of the cytoskeleton. 
There have been several efforts to combine AFM with fluorescence microscopy. Such techniques that 
combine fluorescence microscopy and AFM have found mechanical stimulation induces biochemical 
responses.35 Most setups place an AFM on top of an inverted optical wide-field fluorescence microscope 
and image the whole or part of the cell from below the sample, called plan view, while pressing with the 
AFM tip. Other systems have moved toward higher quality imaging for correlating nanoscale fluorescence 
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with mechanical properties and toward imaging the plane directly beneath the AFM tip. For example, in 
Yu, J Q, et al., they showed that AFM and Stimulated Emission Depletion (STED) imaging can 
complement each other, differentiating topographical images and fluorescent signal.36 STED imaging with 
AFM combines nanoscale fluorescence imaging with the versatility of AFM, including AFM imaging, 
elastic moduli maps, adhesive mapping.36-40 These techniques illustrate the field’s desire for the ability to 
merge AFM single molecule force detection with single molecule imaging.  
When performing AFM experiments in combination with plan view fluorescent microscopy, much 
of the information from the tip’s stresses on the cell is lost. Being able to see the side recovers the tip’s 
interaction with the cell. One common technique used to solve this problem is the confocal microscope. 
Confocal allows multicolor fluorescence imaging so different parts of the cell (and the AFM tip) can be 
imaged while the AFM probe presses into the cell. However, it suffers poor XZ resolution which is the 
important axis for correlating AFM tip-cell interactions with the imaging. This technique can acquire 3D 
images in a sub-second timescale, but with poor optical resolution. Most AFM with confocal systems will 
report 3D imaging on the order of 3-7 seconds to balance image quality and speed. Lim, et al., used 
spinning disk confocal imaging and determined that mechanically stimulating the cell with a functionalized 
fibronectin AFM bead tip caused RhoA activated cell stiffening.41 Several other similarly constructed AFM 
and confocal microscopes have found applications to cell mechanics.42-44 
Harris, et al., is an excellent example of the benefits brought to investigations with the ability to 
see side view with AFM.45 They used confocal slices to validate AFM tip indentation depth and found 
good agreement. However, a large discrepancy between elasticities found by using pyramidal tips and 
spherical tips showed that pyramidal tip’s area of contact with the cell was sometimes much greater than 
what the models assumed, leading to artefacts in the force data and erroneous fits. This suggested that 
part of the inconsistent elasticities reported in the literature could be due to these sorts of unseen 
interactions. For one aspect of their validation, the measurement of the Poisson ratio, the authors 
conclude that for the cell line they are using, the generally assumed ratio of 0.5 is valid. They came to the 
conclusion by measuring the cell volume from their confocal stack before and after compression. This 
may not be true across all cell types. Thus, improving whole cell volume imaging for AFM will improve the 
11 
 
determination of correct model parameters and will enable correlation of cell-tip interactions with force 
data to a greater accuracy. 
Side view fluorescence imaging with AFM has also been done on single cells with a separate side 
objective perpendicular to the illumination objective underneath the sample, but this setup restricts the 
ability for a user to choose appropriate cells as other techniques enable, including the one presented in 
this dissertation, and hampers the ability to perform 3D imaging.46 Table 1.2.1 summarizes several 
publications that demonstrate side view imaging and 3D imaging with AFM. 
 
 Previous work from our lab introduced Pathway Rotated Imaging for Sideways Microscopy 
(PRISM) for use with AFM.47 The system shows good XZ resolution with the use of while performing AFM 
measurements. Gaussian light sheet was added to the system which allowed greater contrast of 
samples.47 This dissertation extends the PRISM with Light Sheet (PRISM-LS) capabilities to enable 3D 
scans of single cells in multiple channels and replaces the Gaussian light sheet with Line Bessel light 
Reference 3D Imaging Speed Resolution in XZ plane 
Chaudhuri, O., et al. (2009)46 N/A ~300nm** 
Beicker, et al (2018) *47 N/A ~300nm* 
Andrew R Harris and G T Charras (2011)45 <300s per volume  ~650nm ** 
Krause, et al. (2013)42 ~5s per volume  ~650nm ** 
Haase, K et al. (2017)48 3.9s per volume   701nm  
Andreea Trache and Soon-Mi Lim (2009)49  1s per 1-color volume   480nm ** 
Nelsen Thesis (2019)*  1.25s per 2-color volume ~300nm* 
*Represents work from the Superfine Lab- -**Estimated theoretical 




sheet (LBS). In the next section, I discuss the illumination technique of light sheet and why this type was 
chosen. 
 
1.3 Light Sheet Fluorescent Microscopy 
Light sheet fluorescence microscopy (LSFM), also referred to as selective-plane illumination 
microscopy (SPIM), has proliferated in recent years with applications to many areas of biology and at 
many scales of size, from single molecules50 to whole organisms.51,52 Inherent in LSFM’s advantages to 
other illumination techniques is its ability to acquire images at a high optical resolution and frame rate with 
low background fluorescence.  
When scanned through a sample, LSFM allows for volume imaging of cells with low 
photodamage.53-55 This allows capturing fast biological processes, most of which happen in 3D, with a 
high optical and temporal resolution with less bleaching of the sample. For these reasons, combining 
AFM with light sheet is ideal for moving toward single molecule imaging and correlating high frame rate 
imaging to forces. In order to use high resolution techniques with light sheet fluorescence microscopy on 
a conventional inverted microscope, several light sheet techniques utilize inverted SPIM (iSPIM) 
orientation which places two objectives at a 90 degree to each other, one for illumination and one for 
detection.56-59  The size and working distance of commercially available objectives limit the NA of the 
objectives used. Other techniques allow higher NA objectives.50,60-65 I use a technique, described 
previously,47 that creates a vertical light sheet out of the objective with the purpose of allowing our AFM 
head enough room to operate. The resulting fluorescent image is collected through the same objective 
with the aid of a right angle prism placed at 45o with respect to the substrate, which acts as a micromirror 









Figure 1.3.1: A cartoon depiction of the AFM with PRISM-LS: A vertical light sheet from the objective 
illuminates the sample. A beaded tip cantilever sits above it. The light is collected. Adapted from Figure 2 
in Beicker, K, et al.47 
 
Additionally, we chose to use Line Bessel Sheet (LBS) for imaging. The system has the additional 
capability of using the Gaussian light sheet, but LBS has the advantage that it has a longer depth of field 
for the same beam width.66 Lattice light sheet67 (LLS) has a greater depth of field for the same beam 
width than LBS and is generally regarded as a superior illumination method to other light sheet 
implementations. However, its implementation is significantly more cumbersome than LBS for our system. 
Moreover, as opposed to Bessel Beam illumination schemes,68 like LLS, or Airy Beam69 illuminations 
which take a beam and oscillate it to create the 2D plane, the LBS requires no rapid oscillation, reducing 
vibrations that the AFM could detect. For these reasons, LBS was chosen for the majority of the 
experiments performed here. 
Because light sheet is a 2D plane and is captured on a 2D camera array, rapid acquisition of 
each optical section can be achieved.70-72  Synchronizing the plane of focus with the light sheet can be 
done by either moving the objective,73 or decoupling the focal plane from the objective.74,75 Other systems 
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use fast scanning piezos on the stage to move the sample.66 To avoid vibrations in the force data, we 
chose a remote focusing technique using an electrically tunable lens on the output side to change the 
focal plane while scanning the light sheet. Our single cell 3D scans are on the order of a second, 
comparable with similar techniques.66,67 For a more extensive treatment of the light sheet proliferation, I 
refer the reader to Girkin, J M, et al.,54 for an extensive list of light sheet techniques and their descriptions. 
In the next section, I explain the significance and goals of each chapter in this document.    
 
1.4 Significance and Goals 
There are two parts to the significance of this research: The general significance of the 
instrumentation development of the AFM with a versatile optics system and the significance of its 
application to phagocytosis. 
First, for the AFM with a versatile optics system, my goal has been to develop an instrument capable 
of performing sensitive force measurements with the ability to correlate them to high resolution images. 
To that end, in chapter 2, I discuss the versatile optics system, referred to as Versatile Illumination Engine 
With a Modular Optical Design (VIEW-MOD) and its advantages for flexible switching between 
microscopy techniques.  I focus on the VIEW-MOD microscopy applications for AFM, namely, two-color 
fixed Line Bessel light sheet imaging and whole cell volume Line Bessel light sheet imaging. This system 
allows controlled forces to be applied to individual living cells and tissue with synchronized imaging and a 
myriad of switchable microscopy techniques. This combines many advanced microscopy techniques into 
one set up with the design and open source software disseminated to the scientific community. Much of 
the work in this project has been devoted to the design and implementation of this system. Being able to 
see controlled forces from different views (plan view and side view) with different microscopy techniques 
opens exciting, unexplored avenues of biophysics research.  
The applications is phagocytosis. In Chapter 3, I discuss several experiments and demonstrations 
on phagocytosis. Phagocytosis is generally understood to be the engulfment of particles greater than 
0.5µm in diameter. Despite phagocytosis being needed for fighting infections and clearing the body of 
foreign particles, the process is poorly understood. Specifically, the method by actin interacts with the 
engulfment target is of active research. With the instrument, I am able to test and inform models of how 
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phagocytosis works. Understanding phagocytosis will lead to a better understanding of how to fight 
disease. 
 This document is organized in the following way: 
1. In Chapter 1, I have provided an introduction to cell mechanics, AFM applied to cell 
mechanics studies and light sheet microscopy. I highlighted a few of the needs for the field 
and how the current instrument meets those needs or improves current approaches. 
2. In Chapter 2, the design and characterization of VIEW-MOD as it fits into applications for 
AFM cell mechanics studies is described. This system is the first to do two-color light sheet 
imaging with synchronized AFM data, the first to do LBS light sheet imaging with 
synchronized AFM data, the first to do whole cell light sheet volume imaging with 
synchronized AFM data, and the first to do two-color light sheet volume imaging with 
synchronized AFM data. This system has XZ resolution comparable to theoretical resolution 
of other systems, but with more capabilities and flexibility. The AFM allows piconewton level 
force measurements. 
   
3. In Chapter 4, I applied the AFM with Line Bessel Sheet to the mechanics of phagocytosis. 
Here I demonstrate the first system to do AFM with macrophage FcɣR mediated and Dectin-1 
mediated phagocytosis and the first to do volume imaging of phagocytosis with synchronized 
AFM data.  








Chapter 2: A Versatile Optics System for use with Atomic Force Microscopy Cell Mechanics Studies 
 
Fluorescence microscopy (FM) is one of most powerful techniques in biological and biomedical research. A 
handful of FM techniques have been developed to accelerate acquisition speed, improve resolution, reduce 
background and reduce photodamage, either to the cell or the fluorophore. The excitation strategies of FM can be 
divided into three major categories: widefield, point-scanning, and light-sheet illumination. In a widefield configuration 
collimated light exits the objective illuminating the entire sample. With point-scanning, the objective focuses a 
collimated light source onto a diffraction limited point, which is raster scanned across the sample to render an image. 
In LSFM, a thin sheet of excitation light is created either by focusing one axis of the illumination source or rapidly 
scanning a focused beam along a single direction.  Scanning the light sheet across the sample can then create a 
3D volume. In this chapter, I introduce this versatile optics system, referred to henceforth as VIEW-MOD. I will 
emphasize the implementation of the modalities which add to our LSFM capabilities, but I will make mention of 
some other notable techniques as their modalities are encountered. While not exhaustive, a more extensive list of 
the capabilities in this system can be found in Appendix A. As a general outline to this chapter, first, I will discuss the 
original purpose of the system’s development. Then I move through the optics pathway and the purpose and 
characterization for each modality, starting with the light engine and moving to image capture. Finally, I will discuss 
the additions to the system made specifically for achieving live cell LSFM imaging with AFM. 
Much of this work is taken from a paper, titled “VIEW-MOD: A Versatile Illumination Engine With a 
Modular Optical Design for Fluorescence Microscopy,” authored by Bei Liu, Chad Hobson, Frederico M. 
Pimenta, Evan Nelsen, Joe Hsiao, Timothy O’Brien, Michael R. Falvo, Klaus M. Hahn, and Richard 
Superfine. The paper is published in Optics Express volume 27, issue 14, and found in pages 19950-
19972. Any figures taken from the paper will be labelled as Liu, Bei, et al.15,76 
 The sections in this chapter are as follows: 
2.1 Introduction to VIEW-MOD: The Versatile Optics System Design and Motivation. 
2.2 Light Engine Design and Characterization. 
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2.3 Modality 1: Beam Expansion and Polarization. 
2.4 Modality 2: Switchable Pathways for Light Sheet and Point to Wide-field Illumination. 
2.5 Modality 3: Fast Steering Mirrors for Beam Steering. 
2.6 Modality 4: A 4f Configuration for Axial Beam Scanning. 
2.7 Modality 5: A 4f Configuration for Axial Image Scanning. 
2.8 Implementing Live-cell Light Sheet Fluorescence Microscopy. 
2.9 Whole Cell Fast Volume Imaging for Use with AFM. 
2.10 Conclusion. 
 
 2.1 Introduction to VIEW-MOD: The Versatile Optics System Design and Motivation 
 VIEW-MOD was designed for the specific purpose of enabling AFM to combine with 3D imaging. However, 
as the design was implemented, our lab found that with minimal modification, several other microscopy techniques 
could be included. This optical engineering was accomplished through the use of conjugate planes. As shown in 
Figure 2.1.1, the system was designed to have several planes in the illumination pathway at equivalent positions to 
manipulate the beam, either diverging or collimated, far from the objective lens. The line BFP, is conjugate to the 
back focal plane. The line SP is conjugate to the specimen plane. As one might guess, mirrors for directing the 
beam are located at those planes. At the red line, a tilt there corresponds to a tilt at the back focal plane of the 
objective. As the beam exits the objective lens, the specimen will then see a lateral translation of the beam in x and y 
axes parallel to the sample stage. At the blue line, a tilt corresponds to a tilt at the specimen plane. The specimen 
will see the beam tilt at an angle with respect to the z axis, the axis perpendicular to the stage.  
In Figure 2.1.2, an optical schematic showing the general pathway with each modality labeled 
with a number. I will refer to each of the modalities by their number label in explaining how a certain 
imaging technique is accomplished. The light engine is not included in the schematic because it is 
assumed that all the imaging modes will be using lasers originating from the light engine.  
The following is a brief description of each modality. Greater explanation about their use and 
operation is given in each of their respective sections. First, in module 1, the size of the beam and its 
polarization is altered after it exits the laser fiberport. In module 2, the light paths for specific beam 
shapes are chosen, one path for LSFM and the other for point and wide-field illumination. As mentioned  
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Figure 2.1.1 A system of conjugate planes. The system is designed to have control of the front and 
back focal planes of the 60x 1.2NA Water objective lens far from the specimen plane. This allows 
versatility of the imaging techniques employed and easy access to the optics. The series of relay lens act 
to propagate the beam along the path. In the case of LSFM, each axis alternates between collimated and 
converging as it passes through the system, as shown in the top and bottom of the figure. RL=Relay 
Lens; ETL=Electrically Tunable Lens; TL=Tube Lens; BFP=Back Focal Plane; SP=Specimen Plane. 
 
above, in module 3, fast steering mirrors tilt the beam causing the respective conjugate plane of the 
objective lens to tilt. In module 4, a 4f lens configuration decouples the illumination beam from the 
objective lens height, enabling axial beam scanning, that is, along the z axis of the specimen plane. In 
module 5, the only detection pathway module, a 4f lens configuration decouples the imaging plane from 
the height of the objective. Relevant portions of each module are controlled with computer software by the 









Figure 2.1.2 Schematics of the system. Linearly polarized lasers are expanded, collimated and exit 
Module 1. The light propagates to Module 2 through either pathway 1 (blue dashed-line) for TIRF and 
point-scanning or pathway 2 (red dashed-line) for LSFM, depending on the orientation of its polarization 
axis. For TIRF, ETL1 is adjusted to 125 mm effective focal length to focus the beam onto SM1, resulting 
in a collimated light beam coming out the objective. For point-scanning ETL1 is set to ~ 0 volts, equivalent 
to f=∞ (flat plate). Steering Mirrors 1 and 2 (SM1 and SM2) are optically conjugated with the specimen 
plane and the Back Focal Plane (BFP) of the objective, respectively.  For LSFM, we either put a 125 mm 
cylindrical lens to create a Gaussian light sheet or use a combination of cylindrical lens and annulus to 
create a Line Bessel Sheet (LBS). ETL2 provides axial scanning of the illumination light. In the detection 
module (Module 5), the image is projected to the camera through a relay lens group (RL1 and RL2) with 
ETL3 placed in the center (mimicking Module 4) to achieve an adjustable image plane. Schematic was 
generated with GW Optics component library (http://www.gwoptics.org/ComponentLibrary/). Image Credit: 
Bei Liu, from Liu, Bei, et al.76 
 
2.2 Light Engine Design and Characterization. 
A versatile optics system would not function without a laser source to power it. The light engine 





Furthermore, the laser beams are split with independent control, allowing separate microscopes different 
laser needs to operate at the same time.  
Figure 2.2.1. A light engine for two microscope systems. Four laser lines, 445nm, 488nm, 514nm, 
and 561nm are aligned along the same path by adjusting each laser set of two tilt mirrors. Each laser 
beam is reflected off a long pass mirror which allows longer wavelengths through but not its own. It is now 
colinear with the others. The beam is split evenly into two paths. The AOTF filters the wavelengths and 
their respective power levels before the laser is coupled into the fiberoptic cable. Image Credit: Chad 
Hobson 
 
Shown in Figure 2.2.1 is an optics schematic for the light engine. The light starts at the lasers 
(OBIS, Coherent) of which there are four. Each laser has a two mirror set up and a long wavelength 
bandpass mirror (CHROMA). The two mirrors are for aligning each beam to be colinear with the others 
and the long wavelength bandpass mirror reflects wavelengths shorter than the associated laser but 
allows longer wavelength lasers to pass through. Notice that there is a beam splitter that sends the laser 
light to two pathways. They each end at separate fiberports. This is the mechanism that allows the light 
engine to supply laser power to two microscopes. However, it is not enough that power is shared with 
both microscopes. The user at each microscope should be able to choose which wavelength(s) to use 
and what each wavelength’s power level is. Key to solving both problems is the acousto-optic tunable 
filter (AOTF:AOTnC-400.650-TN, Opto-Electronic).  AOTFs operate by turning a radio frequency signal into 
an acoustic wave in a tellurium dioxide crystal. With this acoustic wave, the crystal is able to diffract 
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incoming light into two primary beams: One that goes to a light stop and one that couples into the 
fiberport. Changing the power supplied to the crystal changes the amount of light diffracted to one beam 
or the other. Furthermore, the acoustic wave frequency can be adjusted, enabling the user to select which 
laser, or lasers if more than one frequency is chosen, can pass through. 
Finally, the fiberports and fiberoptic cables must be discussed. Of foremost importance is 
choosing a fiberport that is compatible with the fiberoptic cable. Fiberoptic cables have a limited range of 
wavelengths that they can accept without having drastic differences in the laser power for wavelengths 
out of range. The fiberport must be rated for the wavelengths that are used, it must be matched to the 
fiber type, allowing either single mode or multimode and whether it is polarization maintaining, and it must 
have the desired lens type, either achromatic or aspheric. Furthermore, paying attention to the numerical 
aperture of the fiberport lens helps to optimize power output and to make alignment more manageable 
with the fiberoptic cable. Alignment of the fiberport is sensitive, even to temperature changes, so taking 
care to match it with the fiberoptic cable is worth the effort. For the fiber optic cable, one was selected that 
was rated for the wavelengths shown in Figure 2.2.1. Much of the light is lost in coupling to the fiberoptic. 
For the fiberoptic cable used by this system, a good coupling will see only 25% of the light exiting out the 
other end. This ends up being more than enough for the experimental purposes. Also, back reflections 
were a problem in a previous fiber, which was remedied by switching the fiber for one with an anti-
reflective (AR) coating. 
In the next five sections, I will discuss VIEW-MOD, starting with the sizing of the beam after the 
laser light exits the fiberport.  
 
2.3 Modality 1: Beam Expansion and Polarization  
Module 1 controls the size and polarization of the illumination light. Multiple linearly polarized lasers are 
coupled into a single-mode, polarization-maintaining fiber (PM-S405-XP, Thorlabs). The light from the fiber is 
expanded and collimated through commercially available collimators (GBE05-A and BE052-A, Thorlabs). This 
properly sizes the incident beam for a given application, such as filling the back aperture of the objective lens for 
point illumination to obtain the tightest focus. Because BE052-A is a variable beam expander able to be adjusted 
from half the size to twice its size, the beam can be adjusted based on the size of the specimen, for example, 
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optimizing the depth of field of a Gaussian light sheet for a larger specimen than a single cell. The polarization axis 
of the light exiting the optical fiber is then adjusted by either rotating a half-wave plate (AHWP05M-600, Thorlabs) or 
through a liquid crystal retarder (LCC1111T-A, Thorlabs). A polarized beam splitter redirects the light either to light 
path 1 (LP1) or light path 2 (LP2) of module 2 to switch between a circular beam cross section or a cylindrical (light 
sheet) cross section. The polarized beam splitter determines the orientation of the polarization of the beam, and the 
tunable waveplate governs the amplitude of the light going into each arm of module 2. Because each wavelength of 
laser light exits the fiber at a different polarization, the tunable waveplate becomes important to switch to the 
optimum setting for each wavelength. It is critical if as much light as possible is needed for an application. Notice that 
the system is designed such that when using light sheet illumination, the polarization vector of the laser beam is 
normal with respect to the plane of the light sheet. In some cases, it may be useful to switch the polarization state of 
the illumination beam at the specimen. That can be accomplished by adding a second waveplate after module 2. 
The use of a tunable waveplate allows computer control of these operations.  
 
2.4 Modality 2: Switchable Pathways for Light Sheet and Point to Wide-field Illumination. 
The beam-shaping module accommodates two light paths for different applications. The switching between 
light path 1 (LP1), the green path in Figure 2.1.2 and light path 2 (LP2), the red path in Figure 2.1.2, is achieved by 
altering the polarization direction of the incident laser using module 1. This can be computer controlled by employing 
the tunable waveplate. LP1 retains the incident circular cross section, while allowing for quick transitions from 
widefield illumination to point illumination with ETL1 (EL-16-40-TC, Optotune). When the ETL is set such that the 
focal length approaches infinity, light is not refracted resulting in a collimated beam at the BFP of the objective; the 
objective focuses the light to a diffraction-limited point at the sample. This is useful, for example, for photoactivation 
or photobleaching techniques. The focal length of ETL1 can be adjusted such that the beam is focused at the BFP 
of the objective, resulting in a wide, collimated illumination at the sample. This can be employed for applications 
such as widefield imaging or total internal reflection fluorescence (TIRF) microscopy.  The response and 
settling times of the ETL are 5 ms and 25 ms respectively, allowing for dynamic switching of imaging modalities on 
the order of exposure times for biological imaging. LP2 is used to shape the illumination light to be cylindrical in 
cross section, which is frequently used in light sheet imaging. LP2 contains an optic, typically a cylindrical lens, to 
converge one of the transverse axes of the light while keeping the second axis collimated, creating a cylindrical 
pattern. These two paths are then rejoined through a second polarized beam splitter. Having two illumination 
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geometries in a single system allows one to employ drastically different illumination techniques (e.g., LSFM and 
point scanning) on a single sample.  
Point illumination is a powerful technique as it allows researchers to selectively illuminate a portion of the  
Figure 2.4.1 VIEW-MOD in an AFM sound hood.  A labeled image of VIEW-MOD modules 1-4 (left) 
fitting inside an AFM sound hood. Following through module 1 and the waveplate (wp1), the beam path 
can either go through the cylindrical cross-section (blue) or the circular cross-section (red) light path. 
Module 5 (right) is shown. It too fits comfortably in the sound hood, showing the AFM head, ETL3, Gemini 
optics splitter and Hamamatsu Flash 4.0 V2 sCMOS camera. 
sample without perturbing other areas. This technique is particularly useful in the field of optogenetics to precisely 
activate or inhibit particular proteins with precise spatiotemporal resolution. However most of the most microscope 
systems were carried out with either a separate photoactivation module77 or a commercialized confocal 
microscope78. Implementing both point and widefield in the same light path is non-trivial, yet would allow for further 
techniques to be employed in separate paths of an optical system. As seen in Figure 2.4.1, an earlier version of the 
system contained the point to wide field pathway as well as the Gaussian light sheet pathway. I was able to 
demonstrate point illumination in my microscope. The technique is now used in two additional microscopes with 
VIEW-MOD setups at UNC-Chapel Hill in photoactivation experiments. Widefield was demonstrated on my 
microscope as well. However, I discovered the 5 diopter range of the ETL did not have enough range to cover the 
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full field of view. Optotune released a 20 dipoter ranged ETL, which is sufficient to cover the field of view and is used 
in the two other VIEW-MOD set ups. 
Figure 2.4.1 also demonstrates the engineering challenge in building VIEW-MOD. It needed to fit in an 
AFM sound hood and still fit on the vibration isolation table. The tight spatial constraints forced my lab to build VIEW-
MOD vertically with respect to the vibration isolation table. The two other VIEW-MOD microscopes are not subject to 
such constraints so are laid out on a horizontal optical table.  
The Superfine lab decided to switch the point illumination light path to another light sheet mode, LBS. The  
Figure 2.4.2. Optical schematic for two light sheet pathways. The schematic for LBS and Gaussian 
light sheets is shown above. Adding LBS to the system demonstrates VIEW-MOD’s flexibility to replace 
old or infrequently used pathways with new or improved techniques to the system while still maintaining 
ones currently in use. Image credit: Chad Hobson. 
 
LBS path was designed and built by Chad Hobson. A schematic of the optics is shown in Figure 2.4.2. Notice there 
exist two paths for light sheet modes. One is for Gaussian light sheet and the other is LBS light sheet. The Gaussian 
light sheet is formed by placing a 100mm cylindrical lens before the first steering mirror. This collimates one axis 
while focusing the other, forming the cylindrical cross section of light. To create an LBS in the other path, a cylindrical 
lens (LJ1567RM-A, Thorlabs) focuses one axis of a collimated light source at the location of the annulus (R1DF200, 
Thorlabs), resulting in two coherent bands of light that propagate through the remaining optical path. The annulus is 
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optically conjugate to the BFP of the objective. When the two coherent bands pass through the objective lens 
(UplanSAPO 60x/1.2 W, Olympus), they interfere with each other resulting in a Line Bessel Sheet66.  
The profile of LBS is shown in and the z axis profile is shown in Figure 2.4.3. The measured lateral and 
axial FWHM of the LBS is 771 nm (Figure 2.4.3(a)) and 14.8μm (Figure 2.4.3(b)) respectively, both of which match  
Figure 2.4.3. Profile of LBS. (A) Lateral profile of the LBS. A 100 nm fluorescent bead was stepped 
laterally in 100 nm increments by a piezo stage; intensity of the bead was measured in FIJI for each 
position. (B) Axial profile of LBS. 100 nm fluorescent beads were imaged as the LBS was stepped axially 
by ETL2 in 2 mA increments. Intensity of 7 beads was tracked across the scan in FIJI, error bars are 
standard deviations in intensity. Orange represents measured intensity from the fluorescent beads; blue 
represents a theoretical profile. Calculations and measurements were performed by Chad Hobson. 
well with the theoretical value79,80. A Gaussian light sheet at 561nm wavelength with a comparable waist size 
(0.65µm) will have a FWHM of the depth of field of about 5 µm. The current Gaussian waist size is 1µm, which 
provides a 11µm FWHM depth of field. Cells are often taller than 11µm, so LBS enables clear imaging of the whole 
cell while maintaining better sectioning capability. This is the primary reason why the majority of the data presented 
in this dissertation was completed with LBS. Additionally, for reasons unique to this set up, LBS is easier to 
align than the Gaussian light sheet. 
 
2.5 Modality 3: Fast Steering Mirrors for Beam Steering. 
As mentioned previously, Module 3 controls the steering of the illumination light both at the BFP of the 
objective and at the sample plane using two fast steering mirrors (SM1,2) (OIM 101 1”, Optics In Motion LLC). SM1 
is optically conjugate to the BFP of the objective while SM2 is optically conjugate to the sample plane. The former 
controls the position of the beam at the sample plane and the latter adjusts the tilt at the sample plane. SM1 and 
SM2 are driven by voice coils and are each able to control two axes of tilt in a single mirror. This allows a more 
compact design for optical conjugation with a single mirror compared with using galvo-scanners, which typically 




mrad step in under 5 ms, providing enough speed for sub-second volumetric imaging. In Figure 2.5.1, a calibration 
for lateral light sheet scanning is shown. To calibrate SM1, we used an autofluorescent slide (92001, Chroma) on 
the microscope specimen stage. SM1 voltages were scanned from in increments of 1 V with an image acquired at 
each voltage ordered pair by the imaging sCMOS camera (ORCA-Flash4.0 V3, Hamamatsu).  
SM1 and SM2 are controlled by four channels of analog voltage supplied by a National Instrument (NI) 
DAQ board (PCIe-6323). For light sheet volume scanning, SM1 needs to be calibrated to establish the 
correspondence between the control voltages and the beam position the sample plane. A lab-built MATLAB  
Figure 2.5.1. Calibration of SM1 for LSFM.  Calibration of SM1 showing the light sheet x-position versus voltage 
applied to SM1 as well as a linear fit to this data. The slope of the linear fit provides us a conversion from SM1 
voltage to scanning distance, allowing us to understand and properly set our voxel size during volume imaging. 
Scale bar = 5 µm.  
 
program is used to control the NI DAQ board and ETL1, and to run the calibration procedure. SM2 is used in the 
AFM VIEW-MOD system primarily for light sheet alignment and is not currently computer controlled. 
However, it is used frequently in the other VIEW-MOD microscopes, notably in their application for 
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variable angle total internal reflection fluorescence microscopy (vaTIRF). In that application, SM2 is used 
to tilt the beam to maintain the critical angle needed for vaTIRF. 
 
2.6 Modality 4: A 4f Configuration for Axial Beam Scanning. 
Module 4 provides control of the axial, along the z-axis, position of the illumination light without physical 
displacement of the objective lens. Keeping the objective motionless is ideal as it reduced small motions of the 
sample that are coupled to objective movement. A 4f system with a second ETL (ETL2) (EL-16-40-TC, Optotune) 
midway between the second and third relay lens (conjugate to the BFP of the objective) relays the beam. Adjusting 
the focal length of ETL2 subsequently scans the focus of the illumination light axially81. This is useful for both LSFM 
and point scanning to ensure that the tightest focus of the illumination light is at the desired location in the sample.  
As shown in Figure 2.6.1, ETL2 has a range of greater than 120µm. The large range is critical for PRISM-LS where  
Figure 2.6.1. ETL2 range for axial scanning. The range for ETL2 is 120µm for the full scan. To calibrate ETL2, a 
fluorescent slide is used to visualize the LBS. The objective lens was incrementally stepped and ETL3 was used to 
readjust image plane back to the coverslip. ETL2 was then used to lower the LBS back to the fluorescent substrate. 
This provided a calibration for how ETL2’s current adjusts the axial position of the LBS. Adjusting ETL2 ensures that 
the thinnest portion of the LBS is always located in our sample without manually adjusting the objective height. 




the objective must focus high on the microprism for image formation. As the objective raises up, the light sheet is 
raised with it. Subsequently, the light sheet must be lowered to ensure the thinnest portion is used, and thus the best 
image is formed.   
 
2.7 Modality 5: A 4f Configuration for Axial Image Scanning. 
Module 5 is an identical 4f system to that of module 4, except it lies in the detection path. Similar to Module 
4, we place an ETL (ETL3) (EL-16-40-TC, Optotune) midway between two relay lenses.  Adjusting the focal length 
of ETL3 then shifts the axial position of the imaging plane74,82,83. One can dynamically manipulate the focus of an 
image during an experiment without moving the objective lens or the illumination light. Without this capability, the 
objective must be stepped incrementally for an image stack and its movements would be detected by the AFM. It 
should be noted that large scale changes of the optical power of ETL3 will (de)magnify the image84,85 . Other groups 
have used an ETL for axial control of the imaging plane by placing the ETL directly behind the detection  
Figure 2.7.1. Magnification and 
demagnification of ETL3. This plot shows 
ETL3’s magnification percent change relative to 
the resting voltage (4.76V) image in the 
detection path. ETL3 ranges from -10V to 10V. 
Only 0-10V is shown here because it is well 
beyond normal operation. Normal operation is 
<1% magnification, designated as between the 
red, dashed lines.  
 
Figure 2.7.2. Range of ETL3’s focus. ETL3 is 
capable of 60µm of imaging above or below the 
focal plane of the objective. This allows for rapid 
switching between plan view and side view, which is 
helpful for side view in determining where the 
tightest focus of the light sheet resides. Typical side 
view operation has plan view approximately left of 
the orange dashed line, assuming side view is 
visible at 4.76V (zero focal plane position). A Typical 
range for side view volume imaging is shown 
between the horizontal red dashed lines. The range 
is usually around half a volt, which as can be seen 
will traverse ~15µm. Figure adapted from Liu, Bei, 
et al.76 
 

















objective84-89, however using ETL3 in a 4f system makes it easier to access and adjust as well as minimizes the 
(de)magnification effects74,83. Even at the limits of ETL3 operation in this module, the magnification is at most 6%, as 
shown in Figure 2.7.1. Normal operation of ETL3 is within 1% of the resting state voltage magnification. Moreover, 
ETL3 lies flat (its optical axis is normal to the table) to avoid gravitational effects which would distort the Optotune 
lens. A controller (Gardasoft Inc.) for ETL3 is programmed to the linear analog mode (0 V – 10 V) and outputs a 
current based on a closed-loop temperature feedback system. To calibrate ETL3, we place a grid (R1L3S3, 
Thorlabs) on the microscope and manually step the objective lens position. ETL3 is used to bring the grid back into 
focus, providing a calibration of ETL3 voltage with the imaging plane position. Figure 2.7.2 shows the range of 
ETL3’s axial focal plane manipulation. Imaging plane location, light sheet position and AOTF are synchronized 
through an NI DAQ board.  
 
2.8 Implementing Live-cell Light Sheet Fluorescence Microscopy. 
To implement LSFM, we employ modules 1-5. Module 1 properly sizes the beam and rotates the 
polarization state such that the light passes through LP2, the cylindrical cross section path of module 2, and the 
polarization vector is normal with respect to the plane of the light sheet.  
Modules 3 and 4 provide complete control of all three spatial positions of the illumination light while module 
5 allows us to adjust the axial position of the imaging plane. We use a lab-built LabView program that controls two 
NI DAQ boards (PCIe-6323 and PCI-6723); one controls voltages to the SM1 controller and ETL3 controller (TR-
CL180, Gardasoft) while the other controls the AOTF in our light engine to gate the laser light. A diagram of the 
triggering scheme is shown in Figure 2.8.1. Because synchronizing AFM and imaging data is critical for correlation, 
the NI DAQ boards are triggered by the AFM output signal. This allows the start of the imaging to coincide with the 
start of the AFM cantilever lowering onto the substrate. Our lab uses the Optotune software to control the current 
applied to ETL2 which subsequently varies the optical power.  
As noted earlier, SM1 is conjugate to the BFP of the objective. Tilting SM1 translates the LBS in x-y at the 
sample plane.  For volumetric imaging, we need to control only the translation of the LBS in the x direction 
(perpendicular to the long axis of the light sheet). Our lab can then use a linear combination of the two voltage 
controls to SM1 to create a single voltage control parameter that translates the LBS in the x direction. Scanning SM1 




Figure 2.8.1 Software design and hardware triggering for multicolor light sheet volume imaging. 
The AFM ARC controller, which is operated by software developed by Asylum Research, sends an 
analog voltage signal to the two NI DAQ boards. This synchronizes the force data being collected with the 
imaging components. One board then sends a voltage signal to trigger the camera and choose the 
desired laser wavelength(s) and power(s). A second board sends a voltage signal to the mirror and ETL3. 
In volume imaging, the steering mirror and ETL3 are triggered based on a lookup table generated through 
a MATLAB program. The synchronization software is run off of LAB-View (National Instruments). 
Separate to this synchronization scheme is the lab-built software used to control the scanning mirror, 
ETLs, Camera and AOTF with a computer GUI. This software is a combination of Hamamatsu HCImage 
Live, LAB-View and MATLAB programs. Software was developed primarily by Joe Hsiao. 
calculating the voxel size.  
Our lab combined VIEW-MOD demonstrated Horizontal Light Sheet (HLS) and Vertical Light Sheet (VLS) 
using the PRISM imaging mode. As shown in Figure 2.8.2, for both methods, a small (180 µm) right-angle reflective 
prism (8531-607-1, Precision Optics) attached to a 6 degree-of-freedom mount is placed adjacent to a cell of 
interest47. For HLS imaging, the light sheet is reflected off the mirror and illuminated a single x-y plane. SM1, ETL2, 
and ETL3 were used to appropriately position the light sheet and the imaging plane. For VLS imaging, the light 
sheet propagates vertically out of the objective and through the cell, illuminating a single y-z slice. The objective was 
raised until the imaging plane intercepted the reflective optic. This rotates the imaging plane from x-y space to y-z 







Figure 2.8.2 Imaging setup for Horizontal Light Sheet. (A) The light sheet emerges from the objective 
and is reflected by a right-angle prism. The focal plane is matched to the plane of the reflected light sheet. 
(B) Imaging setup for Vertical Light Sheet.  The light sheet emerges from the objective and creates a 
vertical slice through sample. The right-angle prism creates a virtual side-view image of the vertical slice. 
(C) Horizontal light sheet image of a RAW 264.7 cell labelled with Cholera-toxin b AlexaFluor488. (D) 
Vertical light sheet images of HeLa cell stained with Phalloidin-AlexaFlour594. The HeLa cells are a gift 
from the Lab of Dr. Michael Boyce. Figure is adapted from the VIEW-MOD manuscript (A, B drawn and C 
collected by Chad Hobson). 
illuminated slice. Transitioning from HLS to VLS is straightforward, fast, and can be done entirely through software. It 
is important to note that resolution is not affected when the imaging plane is rotated by the mirror47 . Because of 
LSFM’s ability to illuminate a single plane, we obtained images with low background and high signal-to-noise of 
orthogonal planes of the same nucleus. We observed that the light collection efficiency for a given illumination 
intensity and exposure time using HLS is approximately double that of using VLS. This is in good agreement with 
theory (see Appendix C), which predicts a 64% loss of light collection for VLS. For highly sensitive imaging 
techniques such as fluorescence resonance energy transfer (FRET) it is beneficial to use HLS imaging due to the 
greater signal-to-noise. However, AFM studies are better served with VLS imaging as it allows the user to take fast, 
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high resolution images of the plane in which the AFM tip is applying force without the need for taking whole 
stacks42,90,91 .  
Streaking in this image due to shadowing effects, which are common in light sheet microscopy.92 These 
streaks are the result of debris on the prism, which demonstrates the importance of using clean prisms. They are 
more pronounced here because of where the light sheet is hitting, that is, near the bottom of the prism 
where biological debris frequently accumulates. More on the protocol for cleaning prisms can be found in 
Appendix D.  The disadvantage to using horizontal light sheet is the inability to view cell-AFM tip interaction 
with the same certainty as in side view. This can be overcome if volume scans of the horizontal light 
sheet is implemented. A side view image of a fixed HeLa cell stained with Phalloidin-AlexaFlour594 is shown in 
Figure 2.8.2 D. This is PRISM-LS representative imaging of cytoskeleton proteins, such as the actin shown. This is 
important for studying cell mechanics with AFM that load bearing proteins, such as actin, are visualized. 
Volume imaging is capable of being accomplished using HLS, but was not implemented. To 
demonstrate that volume imaging can indeed be implemented using HLS, I took images of five sections of 
a macrophage. As shown in Figure 2.8.3, using side view I can determine where on the cell the light 
sheet is illuminating. This demonstrates that HLS with PRISM is capable of illuminating the whole cell, 
from top to bottom, which is not available in all HLS configurations.50  We image the cells in plan view, a 
form of single objective Single Plane Illumination Microscopy (soSPIM). This form of illumination is 
common for biological imaging but suffers from the lack of flexibility to choose the cells most appropriate 
for the experiment.63-65,82 Our translation and tilt stage for the microprism solves this problem by allowing 
us to choose which cell is best for imaging and AFM probing (TTR001, Thorlabs). 
 An important part of live cell imaging is keeping the cells healthy. One aspect of this is 
temperature and humidity control. I designed and implemented a 3D printed custom-made specimen 
insulator to reduce evaporation and maintain a uniform temperature across the specimen specifically 
designed to fit the Asylum Research petri dish heater stage. In the 40mm coverslips, temperature was 
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maintained at 37oC with 1.5oC drop at the edge of the coverslip. More information about temperature 
control can be found in Appendix E. In the next section, I discuss fast whole-cell volume imaging for AFM.  
 
Figure 2.8.3. Demonstration of a Horizontal Light Sheet stack with accompanying side view 
images. (A) Brightfield image of the RAW cell in plan view. (B) Side view of the cell with Gaussian light 
sheet. Cell is labelled with Cholera toxin b-AlexaFluor488. (C) Side view of the cell with horizontal light 
sheet at different heights showing a line of fluorescence where the light sheet is located. (D) The plan 
view image of the horizontal light sheet at different planes. The planes lower from top of the cell to the 
bottom of the cell. The side views are approximate locations of HLS. (E) Shows a cartoon of the 
horizontal light sheet location and side view imaging for (C). The focal plane is labelled as a black dashed 
line. (f) Shows a cartoon of the horizontal light sheet location and plan view imaging for (D). The focal 
plane is labelled as a black dashed line. 
 
             
                   
                 
                  
                   
                   
                  
                  
          




2.9 Whole Cell Fast Volume Imaging for Use with AFM. 
This microscope design with LBS illumination is also capable of fast volumetric imaging by incrementally 
stepping the light sheet across a sample and continuously matching the imaging plane to the position of the light 
sheet. SM1 stepped the LBS in increments laterally in the x-axis through the cell. ETL3 was adjusted such that at 
each step the image was in focus. Every time the mirror was brought down next to a cell of interest, the spacing of 
the cell and mirror was different and the angle of the mirror relative to the substrate was slightly varied due to the 
mechanical micrometer control mechanism. For each cell we performed an initialization scan (Figure 2.9.1) yielding 
a lookup table of the ETL3 voltage value that provided the best focus for each LBS position in the volume scan. With  
Figure 2.9.1. Initialization scan procedure for volumetric imaging.  (A) A sample mini scan of a COS-7 nucleus 
expressing HaloTag-H2B labeled with Janelia Fluor 549 used in the initialization scan where the LBS is fixed to a 
specific location and the ETL3 voltage is varied about a suggested voltage of best focus. The Tenegrad method93,94 
is used on each image from the mini scan to provide a metric for image quality. A Gaussian is fit to the mini-scan 
data to provide the optimal ETL3 voltage for a given light sheet position. (B) A sample lookup table that provides the 
best ETL3 voltage for a given light sheet position. Each orange data point is generated by a mini scan procedure. A 
linear interpolation is done between data points and is discretized based upon the number of slices per volume. 
Figure is from Liu, Bei, et al.15 
this lookup table we performed fast volume scans of RAW 264.7 macrophage cells stably expressing HaloTag-F-
Tractin labeled with JF549 (Figure 2.9.2). Each slice was taken in 10 ms (5 ms exposure, 5 ms transition), and each 
volume consisted of 75 slices meaning that a single volume image was taken in 0.75 s; this is comparable to recent 
two-objective systems66,67,84.  Because of the speed of our system, we were able to observe both formation and 
movement of filopodia on the timescale of several seconds. These timescale dynamics are fundamental to 
processes such as phagocytosis and cell migration2,95 , and hence our system is well suited to study mechanisms in 
which macrophages migrate and engulf foreign particles. 
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Figure 2.9.2 Vertical light sheet volume imaging showed filopodia formation and dynamics. 
Selected frame from a volumetric movie (Visualization S4) of a RAW 264.7 macrophage cell expressing 
HaloTag-F-tractin labeled with JF549. Each volume consists of 75 slices each taken in 10 ms (5 ms 
exposure, 5 ms transition time) for a 0.75 s total volume acquisition time with 100 ms delay between each 
volume. Total volume size is 12.5 µm x 26.7 µm x 25.9 µm, voxel size is 167 nm x 106 nm x 106 nm.  We 
observed formation and movement of individual filopodium on second time scales. Image Credit: Chad 
Hobson. Figure taken from Liu, Bei, et al.76    
We further demonstrated the potential of our microscopy method’s 3D scanning capability, 3D 
PRISM-LS, by taking 3D two-color scans of HeLa cells with Lysotracker-Red (Figure 2.9.2 A) and 
Vimentin-mEmerald (Figure 2.9.3 B). Each two-color whole-cell scan was taken in 1.5s, with 10ms for 
each slice. As a result of the volume imaging, we can track a lysosome in 3D through several slices of the 
specimen, as highlighted in Figure 2.9.3 C. 
As a final demonstration, I incorporated AFM with live-cell volume scans. The experiment was to 
coat a beaded tip at the end of a cantilever with the antibody, IgG. This was to induce phagocytosis in the 
RAW 264.7 cell, which is a macrophage. The IgG was labeled with AlexaFluor488 and the RAW cell 
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stably expresses HaloTag- FTractin labeled with JF594. In Figure 2.9.4, I took a series of 3D images 
while 2.85s per two-color volume, which corresponds to a 10 ms camera exposure time and 5 ms camera 
readout time. I included a 7s delay between each volume scan to reduce photodamage over the 30-
minute experiment. The bead is not shown, but its location can be surmised by the location of the 
phagocytic cup. Part of a second cell is seen in the background and is far enough away from the 
cantilever not to affect the experiment. More on this data set will be explored in Chapter 3. 
Figure 2.9.3 Fast Two-Color Volume Imaging of Live HeLa Cells. Live HeLa cells stably expressing 
vimentin-mEmerald, an intermediate filament, shown in (A) and dyed with LysoTracker Red, shown in (B), 
are 3D imaged at a rate of 1.5s per volume. At 75 frames per color, this corresponds to a camera readout 
of 5ms and exposure of 5ms. 100ms delay is added in between volumes. Voxel size is 106 nm x 106 nm 
x 220 nm. Lysosomes are able to be tracked across image planes over a short time span. The cells are a 
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Figure 2.9.4 A 3D image sequence of phagocytosis with AFM. A RAW 264.7 cell is shown attempting 
to engulf the AFM bead tip (not shown) functionalized with IgG. 2.85s per two-color volume, which 
corresponds to a 10 ms camera exposure time and 5 ms camera readout time. A 7s delay is included 
between each volume scan to reduce photodamage over the 30 minute experiment. The voxel size is 
106nm x 106nm x 200nm, with the 200nm dimension in the light sheet stepping direction. 78.8, 453.1, 
1280.5, T1940.45s is after the AFM retracted. The large adhesive force at retraction shows the cell is well 
attached to the bead. 
2.10 Conclusion. 
It is essential for a microscopy system to both visualize and control the distribution and activity of target 
proteins. Optical systems are often designed around a single microscopy technique and even though such systems 
have drastically advanced our ability to investigate single cell dynamics, the focus on individual techniques can limit 
the scope of available research questions. Here I have described the design for a single, compact versatile optics 
system capable of widefield, point-scanning and LSFM imaging. This design is cost-effective and built upon a 
conventional inverted microscope, making it easily implementable in any laboratory with the latter. Furthermore, the 
open-source software can be expanded to include other techniques due to the complete control of illumination light 
and imaging plane location. I used LSFM to image x-y and y-z cross sections of macrophage membrane as well as 
capture fast volumetric images of filopodia dynamics, lysosome trafficking, and showing actin’s role in phagocytosis. 
This microscope design can be easily adapted to serve a user’s needs, make use of the ever-growing number of 
light-sensitive tools being developed, and is minimally perturbing to normal cell physiology thus allowing great 
potential in opening new venues of research and answering important biological questions. The following chapter 






Chapter 3: Force spectroscopy of phagocytosis with Bessel light sheet imaging 
A critical part to the immune system is the search and elimination of foreign pathogens by 
macrophages, neutrophils and other cells. These cells eliminate large particles (>0.5μm) by consuming 
them through a process called phagocytosis. There are several receptor and ligands pairs with their 
associated signaling pathways that initiate phagocytosis. The best understood is the Fcɣ receptor (FcɣR)-
immunoglobulin G (IgG) pair. Recognition by FcɣR of an IgG coated particle triggers the cell’s 
cytoskeleton to form a pseudopod that reaches around and engulfs the particle. Understanding the 
mechanics of how a macrophage engulfs a target requires careful monitoring of forces and high-quality 
fluorescence imaging of the membrane and cytoskeleton. The goal of this chapter is to determine the 
evidence for force dependent phagocytosis models. In a first of its kind, we combined an atomic force 
microscope (AFM) with a versatile optics system to monitor piconewton scale forces while imaging the 
phagocytosis engulfment from the side using VIEW-MOD with vertical light sheet. The macrophage 
produces a dynamic response of a few nanonewtons during its envelopment of an IgG covered AFM tip. 
The macrophage exerts downward forces on the bead before the pseudopod envelops past the midpoint 
of the bead. The cup formation is associated with punctate brightening of actin underneath the bead. A 
less well understood process is Dectin-1 mediated phagocytosis. Dectin-1 recognizes ꞵ1 and ꞵ3-glucans 
which are present on pathogens such as fungi. In a first, Bessel beam light sheet imaging with controlled 
force data will inform mechanical models of phagocytosis which will improve understanding of this 
important immunological process and inform mammalian disease progression. 




3.1 Introduction to Phagocytosis: The Cytoskeleton’s Role and Phagocytosis Mechanical Models. 
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3.1 Introduction to Phagocytosis: The Cytoskeleton’s Role and Phagocytosis Mechanical Models. 
The goal of this chapter is to determine the evidence for force dependent phagocytosis models. 
To accomplish this, we chose to investigate the forces involved in phagocytosis, using AFM and VIEW-
MOD with vertical light sheet (AFM-LS) to correlate high quality imaging with force data. There are 
several receptor and ligands pairs with their associated signaling pathways that initiate phagocytosis.96 
The best understood is the Fcϒ receptor (FcϒR)-immunoglobulin G (IgG) pair.97 Recognition by FcϒR of 
a IgG coated particle triggers the cell to form a pseudopod that reaches around and engulfs the particle.  
The two major contributors to force generation during phagocytosis are the plasma membrane and the 
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actin cytoskeleton 98,99. In order to form the pseudopod for phagocytosis, membrane tension must be 
overcome. Evidence suggests that there are two types of membrane storage in macrophages: One more 
easily wrinkled and one type that is more tightly bound up100-102. Additionally, there are two stages of 
phagocytosis.103 One is relatively slower and the other is relatively fast, occurring independent of particle 
size and around half-engulfment. The difference in time between stages is theorized to arise from the 
need to have highest force produced around half-way around a spherical particle104. A model developed 
by von Zan, et al. of phagocytosis postulates that there is a pushing-out force due to actin polymerization 
and proportional to the local concentration of F-actin and a restoring force due to the cell resisting 
changes to its shape104. The model explained the bimodal distribution of cup sizes at late times of 
phagocytosis, suggesting that cups stall because the force to engulf a spherical particle must be large 
enough to push around the equator of the particle. The model was extended by Irmscher, et al., who 
found that there is a peak in the stiffness of the phagocytic cup before engulfment, corresponding to the 
widest place on the spherical particle.105 In the model, the membrane exerts a force on the spherical 
particle toward the cell. The restoring force for a 1.5µm radius bead was calculated by von Zan et al. to be 
1.5nN. For AFM-LS, I take this to expect measuring downward forces on the order of a few nanonewtons.  
Perhaps the most relevant model to our system is found in Herant, et al. They develop a model 
using cytoplasm, cytoskeleton and membrane parameters to help explain cup shape. In doing so, they 
postulate there is a repulsive force between the cytoskeleton and the membrane that acts near the edge 
of the cup causing the cup to extend around the target and a flattening force that pulls the cup into a thin 
shell 106-108. They theorize this flattening force could arise from myosins that act to pull on the cytoskeleton 
anchored to the membrane bound to the bead. They use a value of 1000 pN/µm2 for each newly formed 
membrane patch on the bead. While newly formed membrane regions can be small, the combined force 
exerted can be expected to be in the tens of nanonewtons, an order of magnitude higher than the 
assumptions in van Zon, et al. In our system, this is expected to produce downward force before the 
phagocytic cup reaches halfway around the bead. 
The AFM instrumentation allows us to detect any forces from the cell adjusting to the shape 
changes in the z-direction. The internal forces shaping the cup would be detected only if a force 
component directs itself in the z-direction or if asymmetric imbalances in the cup shape produces lateral 
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movement. With our light sheet imaging we are able to determine the relative concentration of actin 
during phagocytosis.  
 Fcɣ Receptor-Immunoglobulin G (FcɣR-IgG) phagocytosis proceeds in five main steps: One, the 
receptors bind to the IgG coated particle; two, the receptors cluster, initiating phagocytic signaling; three, 
the signaling disrupts the actin cytoskeleton, allowing proteins to diffuse more freely; four, the nucleation 
of actin filaments to initiate F-actin polymerization and extension of pseudopodia;  finally, the closure of 
the phagosome and actin depolymerization from the base of the phagocytic cup. While each of these 
steps involves many biomolecules acting in concert, I will focus my attention on the steps that involve 
mechanics. 
 In identifying a particle to be engulfed, a phagocyte must come into contact with the particle. This 
can be a result of Brownian motion, active swimming of the bacterium, fluid flow or by active membrane 
protrusions by the cell. Because glycoproteins extend farther than the Fcɣ receptors, there must be a 
mechanism by which access to the receptors is enabled. The membrane could organize a distribution of 
the receptors so that there are regions open to particle-cell contact, or stochastic motion could allow a 
brief window where the receptors have access to the particle or, most probably, a force must act to drive 
the glycoproteins away and expose the hidden receptors. This last is most likely since actin driven 
protrusions by the cell appear necessary for particle to be identified109.  
 As suggested above, the organization and activity of the cell membrane is important for 
phagocytosis. Several lipids are involved in signaling and phagocytic cup organization. They include 
diacylglycerol (DAG), phosphatidylserine (PS), phosphatidic acid (PA), phosphatidylcholine (PC), 
phosphatidylinositol-3,4-bisphosphate (PI(3,4)P2); phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3), 
and phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2). The most notable of these is PI(4,5)P2. It is 
present at high levels in macrophages. Its increased presence at the base of the cup and subsequent 
disappearance is suggestive that it plays a role in disrupting the actin, which could increase lipid 
mobilization and allow room for particle ingestion. PA, which is generated at the cup, induces a negative 
curvature in the membrane, which can help facilitate phagosome closure. Herant, et al., showed that 
membrane tension increases as the percentage of the bead increases for large beads110. In neutrophils, 
the fact that the tension remains low for small (up to 3-4µm) beads suggests the stored membrane 
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surface area sufficient for this size bead. This membrane comes from the loose ruffles, villi and 
membrane folds phagocytes maintain111,112. In larger beads the evidence presented strongly suggested 
that the delayed drop in tension after phagocytosis resulted from a phagocytosis induced signal to release 
wrinkles in the membrane surface that are tightly bound with cytoskeletal proteins. Vesicular stores of 
membrane can also decrease the membrane tension but this process is not controlled by membrane 
tension110. In macrophages, the membrane surface area can extend to 200% during phagocytosis 
compared to its resting state112. 
 Much of the large force generation by the cell in phagocytosis must come from myosins, the force 
generating proteins in the cell. Several myosins play a role in phagocytosis, though each’s contribution to 
phagocytic force generation is not firmly established. Myosin II, likely a main driver of force generation in 
phagocytosis, constricts the cup as the particle is engulfed113. Evidence suggests that Myosin X functions 
as a trafficker of bulk membrane to the phagocytic cup. It is notable in its ability to localize to filopodia by 
traveling toward the barbed end of actin filaments. Its FERM and MyTH4 domains are capable of binding 
phospholipids associates with PI(3,4,5)P3 via a pleckstrin homology (PH) domain. Cox, et al. showed an 
impeding effect for large particles114, while Horsthemke, et al. showed no effect in knock-out cells6. While 
Myosin X may not be essential for phagocytosis, it is important in filopodia formation, which the cell uses 
to find targets and even phagocytose them using filopodia2,6. Myosin IE localizes to the ends of the 
phagosome and seems to be involved in phagosome closure or phagosome extension113. Myosin IC, too, 
increases later in phagocytosis and is suggestive of facilitating phagosome closure115. Evidence suggests 
that myosin IXb regulates the actin machinery, which regulates the shape of the cup113. Myosin V 
appeared after phagosome closure and may be involved in post-phagocytosis processes rather than 
during phagocytosis116. 
 Actin and its accompanying regulatory proteins play a central role in phagocytosis. Polymerization 
of actin at the edge of the phagocytic cup enables particle engulfment. A main component is the Arp2/3 
complex. Arp2/3 initiates actin nucleation into a branched structure. Arp2/3 is stimulated by WASp and 
N—WASp. WASp is recruited to curved membrane which suggests that as membrane bends toward 
engulfing the particle, more branched actin is polymerized. WASp and N-WASp are activated to signal 
Arp2/3 by binding Cdc42-GTP and PI(4,5)P2. While Arp2/3 actin is important in phagocytosis, recent 
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evidence has shown that it is not necessary for phagocytosis, such as the fact that Arp 2 -/- cells can 
engulf using parallel bundled actin to engulf the targets117. Phagocytosis has many redundancies in its 
structure and signaling to ensure the likelihood of its success. The fact that actin polymerization in the 
phagocytic cup has many such redundancies emphasizes its importance. Imaging actin during 
phagocytosis while also measuring force generated by the cell will provide insight into how the actin 
cytoskeleton behaves. 
 
3.2 Method for Measuring Forces in FcɣR Phagocytosis Combined with Side View Line Bessel Sheet 
Imaging. 
The following is the detailed process by which phagocytosis with fixed light sheet and AFM are 
performed. 
3.2.1 Generation and Use of RAW 264.7 Murine Macrophage Cells Expressing F-Tractin.  
Raw cells were obtained from ATCC (TIB-71) and maintained in RPMI 1640 medium 
(ThermoFisher Scientific, cat# 61870036, MA) supplemented with GlutaMAX and 10% heat-inactivated 
fetal bovine serum (Gemini Bio-Product, CA).  Cells expressing F-tractin—Halo were generated using two 
PiggyBac transposon systems.  We first produced a stable macrophage cell line expressing reverse 
tetracycline-controlled transactivator (rtTA) and then used those cells to produce a stable cell line 
expressing F-tractin-Halo under the control of a tetracycline-dependent promoter.  The transfection was 
performed using the Viromer Red transfection reagent (Lipocalyx, Weinbergweg, Germany) according to 
the manufacturer’s instructions.  Briefly, 2.5 x 105 cells were seeded into one well of a six-well plate, and 
the cells were transfected the following day.  For each well, we used 1.2µL of Viromer Red transfection 
reagent, 2.5µg piggyBac transgene plasmid (PB-rtTA or PB-F-tractin-Halo) and 0.5µg of piggyBac 
transposase plasmid (ratio at 5:1).  After 24 hours transfection, the medium was replaced with the fresh 
culture medium and the cells were allowed to recover for 24 hours.  Stable transfectants were selected by 
gradually increasing antibiotic concentrations; geneticin (G418) at a concentration to 500µg/mL for PB-
rtTA and Puromycin at a concentration to 2.5 µg/ml for PB-F-tractin-Halo.  To induce the expression of F-
tractin-Halo, the cells were grown in medium containing 50 nM doxycycline for 48 hours. On the day of 
imaging, cells were plated onto fibronectin coated PA gels within 1cm cloning cylinders.  After one hour, 4 
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µL of 10-8 M JaneliaFluor 549 (JF549) was added to the cells for a 30 minute incubation. The dye 
containing media was replaced with imaging media three times every 10 minutes to removed unbound 
dye. 
3.2.2 Plasmid Construction.  
pEGFP-C1 F-tractin—EGFP was a gift from Dyche Mullins (Addgene plasmid # 58473; 
http://n2t.net/addgene:58473; RRID:Addgene_58473).  PiggyBac plasmids PB-rtTA and PB-miRE-tre-
Puro plasmids were kindly provided by Mauro Calabrese (The University of North Carolina at Chapel Hill); 
PB-rtTA encodes reverse tetracycline-controlled transactivator (rtTA) and G418 resistant gene under UbC 
promoter, and PB-miRE-tre-Hygro encodes a protein of interest and a hygromycin resistant gene under 
tetracycline-dependent and EF1 promoters, respectively.  pF-tractin—Halo was first generated by cloning 
Halo tag cDNA (forward primer, aggggggctagcgctcgccaccatggcagaaatcggtactggctttc; reverse primer, 
cgaagcttgagctcgagatctagtcgactgaattcgcgttatcgc) between AgeI and BglII site of pEGFP-C1 F-tractin—
EGFP using Gibson assembly (New England Biolabs, MA).  Halo—F-tractin was then amplified using the 
primers (forward primer, tgaaccgtcagatcgcctggaccggtgccaccatggcgcgaccacgg; reverse primer, 
aggcacagtcgaaacgcattgtcgacttatggctcgccggaaatctcg), and cloned between AgeI and SalI sites of PB-
miRE-tre-Hygro, yielding PB-tre—F-tractin—Halo-Hygro.  Those plasmids were confirmed by sequencing 
before use.  The primers were synthesized by Integrated DNA Technologies (CA) and sequences were 
performed by Genewiz (NJ). 
3.2.3 Production of Polyacrylamide Gels. 
 To eliminate glare from the coverslip surface that interfered with side-view imaging, we plated 
cells on a ~10 µm thick pad of 55 kPa polyacrylamide (PA).  Bottom coverslips (40 mm round, #1; Fisher 
Scientific) were cleaned in a UV cleaner and vapor treated with 1% APTES (aminopropyl triethoxysilane; 
Sigma) in toluene at 80 deg for 30 min.  Top coverslips (22 x 22 mm #1.5; Fisher, USA) were silanized 
with HMDS (hexamethyldisilane) for 30 min at 80 deg.  PA gel solution was prepared in small aliquots 
with everything but APS (ammonium persulfate) added for a 55 kPa gel (Wang et al “cell locomotion and 
focal adhesions are regulated by substrate flexibility”; with the addition of 1% Polyacrylic acid v/v).  Two 
coverslips per aliquot could be generated. Quickly, 2 µL APS was added to 125 µL of gel solution, 
vortexed for 2 seconds, and 10 µL was placed on the center of each round, 40 mm coverslip.  
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Immediately, a 22 x 22 mm coverslip was placed on top of the PA to spread it evenly, and a 3 g weight 
was placed in the center to compress it.  This was repeated until the desired number of coverglasses 
were generated.  Di water was placed at the edges of the 22 mm coverslip to keep the gel hydrated and 
aid in release. A corner of the coverslip was slowly lifted to separate the square coverslip from the gel, 
leaving the gel pad on the round coverslip.  The round coverslip with gel pad was then placed in a 
biosafety hood for 15 minutes and allowed to dry enough so that a 10 mm cloning cylinder could be 
affixed to the gel pad with a very small coating of vacuum grease.  An EDAC solution (1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide; 10 mg/mL) in PBS was added to the cloning cylinders for 15 min at 
37 deg, the PBS/EDAC was removed carefully and 10 ug/mL fibronectin in PBS was added for 60 min at 
37 deg.  This was replaced by PBS for storage, or media for immediate use with cells.  The cloning 
cylinder was removed just before imaging. DMEM with FBS and HEPES was used for imaging. 
3.2.4 Setting up AFM-LS.  
In this section, setting up AFM-LS is discussed. Refer to Fig. 3.2.1 for pictures of the setup. In 
order to control laser light amount at the specimen using a computer, we use an acousto-optic tunable 
filter (AOTF) (AOTnC-400.650-TN, AA optoelectronic, France). The controller for the AOTF, MFPS, is 
connected with the National Instruments board so as to synchronize the laser light with the camera. 
MFPS is turned on before alignment and for the remainder of the experiment. The lasers (OBIS, 
Coherent, USA) used are 488nm and 561nm in wavelength. These are turned on before alignment and 
for the remainder of the experiment. The Fast Steering Mirror (OIM 101 1”, Optics-in-Motion) controller is 
connected to the National Instruments board to synchronize laser light movement with the camera and for 
user manipulation on the computer. The controller is turned on and remains on for the remainder of the 
experiment. The TR-CL180 Industrial Lens Controller (GardaSoft, UK) controller for Optotune Electrically 
Tunable Lens (EL-16-40-TC, Optotune) is powered on through a power cable.  
To reduce noise in the AFM hood, we use a water-cooled camera. The water bath is operated in 
an adjacent room with the tubing coming through the wall and into the AFM hood. The water bath is 
turned on before alignment, along with the camera, and kept on for the duration of the experiment. 
Because the camera is water-cooled, DCAMCAP software must have the water setting set to “ON” before 




 Figure 3.2.1 Pictures of Optics. Our system has been designed to enclose the beam shaping optics, 
the Olympus confocal microscope, the and AFM into a mechanical noise isolation chamber situated on 
top of a vibration stage. (A) The interior of the chamber showing the up-right excitation path traced in 
cyan, the Olympus inverted microscope, the emission path traced in green, the AFM positioned onto the 
microscope stage, and the PRISM mount. (B). A detailed view of the excitation path. The laser light is 
shaped into a line Bessel sheet after passing through the cylindrical lens (CL) and annulus. The position 
of the light sheet is controlled by the fast steering mirror (SM) and the electrically tunable lens (ETLa) 
which are conjugate to the back focal plane of the objective. See Supplement Figure 1. (C) Zoomed-in 
view of the emission path to the camera. The AFM head is inverted onto a shelf added to the chamber. A 
fiber optic cable connects the optics in this isolation chamber to a separate optics chamber housing the 
lasers and AOTF. (D) The light engine: A photo showing the top-down view of the four lasers directed into 




HCImage Live software. HCImage Live and the camera are kept on for the duration of the experiment. 
ETL2 is controlled with Optotune software. The software is opened and used to control the light sheet 
height throughout the duration of the experiment. 
3.2.5 Aligning the Prism and Light Sheet.  
Alignment of the prism and light sheet are accomplished, as outlined in Appendix G. In brief, the 
prism is set to 45oC using a light sheet calibration slide. Then, the light sheet is rotated to align with the 
prism edge. Using the tilt mirror and ETL2, light sheet tilts along the long and short axis are corrected. 
Finally, using the mirror before the tube lens in the illumination pathway, the light sheet far field is 
corrected. 
3.2.6 Setting up the AFM.  
The AFM set up involves calibrating a cantilever with a 6µm carboxylate bead using the Sader 
method in air and then functionalizing the bead with IgG.  A cantilever (Nanoworld TL1, 0.03 N/m spring 
constant) with pre-attached 6µm carboxylate bead tip is selected. This is loaded into the shim modified 
chip holder with evaporation shield. The chip is loaded into the AFM head. The AFM is flipped over onto 
the inverted microscope stage. Upon opening Asylum Research AFM software (Asylum version 15.6.4), 
contact mode is selected. The SLD is turned on and aligned onto the back of the cantilever, maximizing 
the sum. A thermal data is captured. Using GetReal panel, the dimensions of the cantilever and an 
estimate of the resonant frequency are entered. GetReal calibration, which uses the Sader method34, is 
run and determines the cantilever’s spring constant. This thermal is saved. Going to Crosspoint Panel, 
the InFast is changed from FilterOut to Lateral and locked after the crosspoint is written. 
Then, lateral thermal data is taken and saved. After changing the crosspoint back to FilterOut, the AFM 
head is flipped on its back off the microscope stage. This ends determining the spring constant of the 
cantilever. 
 To begin the functionalization of the bead, 60µL of sterile PBS is added to a LoBind Eppendorf 
tube. 1µL of Goat anti-Mouse IgG-AlexaFluor488 (Abcam, USA) is added to the PBS. The tube is 




 A plasma cleaned coverslip is stamped with four grease rings to prepare the functionalization 
dipping sequence. The coverslip is placed on the microscope stage. First, 40 µL of PBS are placed in one 
of the grease rings. Using tweezers, 10 mg/mL EDAC (1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide; 
Fisher Scientific) is taken out of an aliquot and added to the PBS. Immediately, the AFM head is flipped 
over onto the microscope stage so that the cantilever is resting in the EDAC droplet. After two minutes 
the AFM head is removed from the stage. A new droplet of PBS in the second separate grease ring is 
added. The AFM head is flipped over again and with the cantilever dipped into the PBS for two minutes. 
40µL of the IgG is added to the third grease ring. The AFM head is flipped over again and with the 
cantilever dipped into the PBS for five minutes. Then, the AFM head is removed from the stage. A final 
droplet of PBS is added to the stage. The AFM is placed on the stage once more with the cantilever 
submerged in the PBS for at least two minutes or until the cantilever is used. 
 3.2.7 Preparing the Sample and Performing the Experiment.  
 F-tractin expressing RAW cells plated on round coverslips at a low confluence in doxycycline. 
The media is exchange, placing 200µL of HEPES containing DMEM into the cloning ring. 2µL of 
JaneliaFluor-594 diluted 1 to 1000 is added to the cloning ring for a final concentration of 10-5 M. The cells 
are incubated for 15 minutes, after which the media is exchanged again.  
 Before placing the sample on the stage, a grease ring around the edge of the coverslip is made 
and the heater controls are turned on. The stage heater is controlled through the Asylum Research 
Software in the Heater Panel and set to 38.5oC. The objective heater (HT10K lens heater, Thorlabs) is 
controlled by Thorlabs TC-200 temperature controller. This is set to 42.6 oC, which stabilized at an actual 
read temperature of 44.6+/-0.3 oC. These settings allow the equilibrated system to stay stable at 37.0oC 
with less than 1oC gradient between the media at the edge of the coverslip and the media above the 
objective. More about environmental control can be found in Appendix E. The coverslip is placed on the 
microscope stage, with the cloning ring centered on the water objective. Placing the custom 3D printed 
specimen insulator onto the coverslip, a petri dish magnetic clamp then secures the coverslip and 
specimen insulator.  
The media is removed from the cloning ring, along with the cloning ring. Approximately, 1.5 mL of 
media is added to the stage. DI water is added to the well in the specimen insulator to reduce 
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evaporation. The objective is raised to find the cells. The prism is brought back to center above the 
objective, then backed off to allow room for the cantilever. The AFM head is flipped over and the set up is 
allowed to equilibrate. 
After equilibration, a normal thermal is taken and fitted for the new InvOLS. This thermal is saved. 
A lateral thermal is taken and saved. Using a combination of white light and laser illumination, an active 
cell with an appropriate level of actin fluorescent labeling is selected. Prior to the experiment, a rule of 
thumb signal to noise is established for imaging the cells that allows them to last for half an hour without 
dying of phototoxicity nor bleaching below a threshold signal to noise. Laser power 
 The AFM is lowered and oriented over the chosen cell. The overhead camera built in the AFM is 
used to see the capillary tube holding the prism as it comes into view of the cantilever. This avoids the 
capillary tube crashing into the cantilever. The prism is lowered next to the cell of interest without hitting 
the cantilever. In plan view, the light sheet is aligned roughly with the cell and bead. The objective is 
raised to focus on the side view of the cell with the bead above the cell. The light sheet is lowered to 
place the thinnest part on the cell. The focus and light sheet are adjusted for best signal to noise. The 
height of the bead above the cell is adjusted to within 8 µm. 
A virtual deflection curve is taken and fitted. This is to allow a flat baseline so zero force is known. 
The Z-Sensor Mode is selected for feedback. RawZSensor is chosen as the AFM trigger mode with the 
Increasing and Relative options selected. The distance between the bead and the cell is measured using 
the camera and known pixel to distance conversion. This distance is then input into trigger set point for 
the RawZSensor trigger. This will bring the bead tip just above the cell when the force curve is started. 
 The Labview software is switched to the program dual_color_2D_AFM_synched.exe, which 
synchronizes the camera, AOTF, and AFM. The ON/OFF rate and AOTF laser illumination power are 
inputted into the Labview program. The frequency from the synchronize force window in Asylum 
Research software is matched to the Labview calculation and the approximate duration is inputted. The 
imaging mode in HCImageLive is switched to External Level Trigger and a subarray of the camera is 
selected to image. In the Sequence tab in HCImageLive, the Start button is clicked which makes the 
camera wait for a signal. Then, in the Asylum Research Software, the Start Camera Focus is selected in 
the AFM Sync Window to make tweaks to the focus. End Camera Focus ends the imaging. The Dwell 
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Mode is chosen to Both with 1800 seconds (1100 seconds for earlier experiments) for the probe to dwell 
toward the sample and 200 seconds to dwell away. The video is saved and the force curve is ready to 
start. In AFM Sync Window, the Synchronize Force Curve is clicked. If the focus drifts during the 
experiment, small adjustments to the ETL3 are made. After the experiment ends, force data is exported 
into Ascii format through the function AsciiExportForce("*","*",""). 
 
3.3 Results and Observations from Fixed Light Sheet Phagocytosis Data. 
As a case study, we used our system investigate the mechanical forces associated with 
phagocytosis. As shown in Fig. 3.3.1(A), an IgG coated bead attached to an AFM cantilever is lowered 
~0.5 µm above a RAW 264.7 cell stably expressing HaloTag F-tractin labeled with JF549 for 30 minutes. 
Sequential light sheet images of the bead and actin are recorded over the duration of the experiment and 
synchronized with the AFM. The AFM is then retracted. We observe downward forces greater than 100pN 
before the cup reaches the equator in 15 of 20 independent experiments, an example is shown in Fig. 
3.3.1(C) and Fig. 3.3.1(D). Observing forces directed toward the cell from the outset of cup formation is in 
agreement with modeling performed by Herant, et al and van Zon, et al.104,106 The magnitude of the forces 
(~2 nN) is closer to that predicted by van Zon, et al. Before the phagocytic cup reaches the top of the 
bead, the cell enters into a frustrated phagocytosis regime. The bead is affixed to the much larger 
cantilever and cannot be fully engulfed. Thus, our observations for this experiment are restricted to steps 
in target identification, phagocytic cup formation, early stages of engulfment and after the actin in the cup 
passes the equator of the bead. 
Analysis was chosen for cells that demonstrated phagocytic cup formation. As seen by the variety 
of cell behavior and cantilever performance in Fig. 3.3.2, while these experiments showed phagocytic 
events in the imaging data, several of the force curves suffer from drift and noise from biological debris 
interfering with the AFM SLD. Due to this fact, we restricted our analysis to questions early in  
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Figure 3.3.1 Visualization of phagocytic cup evolution with AFM forces and light sheet side view 
imaging with F-Tractin cells. (A) A cartoon of the experiment procedure. The base end of the AFM 
cantilever is lowered to a fixed position during the experiment. The IgG coated bead tip is positioned so 
that it sits above the macrophage (RAW264.7). The macrophage then tries to engulf the bead, exerting 
forces on the cantilever in the process. (B) A circular kymograph is formed by drawing a circle with some 
thickness around the bead tip, then unfurling the intensity plot for each image frame. The red dashed line 
marks the equator of the bead tip. The data is plotted in both radians and position along the 
circumference in (D). (C) An image sequence of the data set presented here. The RAW264.7 cell 
expressing HaloTag-Ftractin with JF549 dye, a F-actin label, was excited using 561nm vertical light sheet. 
Each image corresponds to its labelled orange dashed line in (d).1, the cell before phagocytic cup 
formation, 2, at initial cup formation, 3, when part of the cup reaches past the bead equator, 4, mature 
cup showing punctate actin. Scale bar = 5 µm. Bead tip is coated in Goat pAb to Mouse IgG 
AlexaFluor488. The bead was imaged in a separate channel with 488nm laser (bead channel not shown). 
Each channel was imaged for 300 ms with 100 ms delay between channels. (D) Circular kymograph 
depicting the actin intensity around the bead tip over the course of the experiment (retraction data not 
shown). The white lines represent the edge of the phagocytic cup, taken as 11% of the maximum 




phagocytosis where force drift was consistently low across the data set. Regardless, several of the curves 
that display low drift and have high quality imaging are consistent with the overall results from the data 
set. About half of the experiments show protrusive (upward) forces greater than 50pN occur before the 
cup forms. This occurs during the time when the cell finds the bead. Protrusive forces are expected here 
because the cell must touch the bead to find it. This produces an upward force. Half of phagocytosis 
experiments ended with the cup past the equator. On average cells took ~10 min for the actin to pass the 
equator once the cup started forming, but this had a large variation. Some cups surpassed the bead 
equator in a relatively short time (a couple minutes), while others would take the majority of the 30min to 
do so. Finally, another observation is that rather than the formation of the phagocytic cup being the 
dominant area of actin dynamics, the actin cytoskeleton was dynamic across the whole cell with large 
structural changes in actin away from the bead. These structures included actin ruffles, filopodia, as well 
as, whole cell movement characterized by lamellipodia formation and retraction.  
Additional experiments were performed with RAW 264.7 cells expressing actin-mCherry. 
Because the imaging of the actin was generally poor for these cells, we moved to RAW 264.7 cells 
labelled with F-Tractin-JF549. Regardless, experiments with these cells support the results found using F-
Tractin cells. As seen in Fig. 3.3.3, downward forces begin to act on the bead as soon as the cup starts to 
form. Furthermore, local brightening of actin and extension of the actin in the cup is associated with large 
force changes. Finally, the punctate structures underneath and around the cup are observed frequently in 







Figure 3.3.2 Force plots of F-Tractin RAW cells. The series of force plots of phagocytosis of RAW cells 
expressing HaloTag—F-Tractin.  The approach part of the curve (only a few seconds long) and the dwell 
portion of the curve are in the left column. Its corresponding retraction curve and dwell away from the 
















































Figure 3.3.3 Visualization of phagocytic cup evolution with AFM forces and light sheet side view 
imaging with RFP cells. (A) An image sequence of the data set presented here. The RAW264.7 cell 
expressing actin-mCherry was excited with 561nm vertical light sheet. Each image corresponds to its 
labelled greend dashed line in (B).1, the cell before phagocytic cup formation, 2, at initial cup formation, 3, 
when part of the cup reaches past the bead equator, 4, at retraction of the AFM cantilever. Scale bar = 5 
µm. Bead tip is coated in Goat pAb to Mouse IgG AlexaFluor488. The bead was imaged in a separate 
channel with 488nm laser (bead channel not shown). Each channel was imaged for 300 ms with 100 ms 
delay between channels. (B) Circular kymograph depicting the actin intensity around the bead tip over the 
course of the experiment (retraction data not shown). Lower part of the kymograph represents the right 







Figure 3.3.4 Force plots of RFP cells. The series of force plots of phagocytosis of RAW cells expressing 
Red Fluorescent Protein.  The approach part of the curve (only a few seconds long) and the dwell portion 
of the curve are in the left column. Its corresponding retraction curve and dwell away from the substrate is 














3.4 Volume Imaging of a Macrophage. 
As mentioned in Chapter 2, our system is able to take volume images.   Revisiting the data 
collected in Fig. 2.9.2, reprinted here as Fig.3.4.1. Figure 3.4.1 demonstrates the advantage to imaging 
macrophages in 3D. Highly dynamic 3D cytoskeletal structures like filopodia can be imaged across 
multiple imaging planes. We desired to combine this capability with our AFM phagocytosis experiment to 
determine what other actin structures could be associated with phagocytosis that we are missing by 
confining the imaging to 2D.  
 
3.5 Force Spectroscopy and Volume Imaging of Phagocytosis  
We combined the volume imaging capability of our system synchronized with AFM to further 
investigate 3D actin dynamics and the associated forces in phagocytosis.  
3.5.1 Methods for Volume Light Sheet Imaging of Phagocytosis with Force Spectroscopy. 
For phagocytosis experiments with volume imaging, methods were the same as in the fixed light sheet 
experiments with the following differences. Once a cell was chosen for an experiment and the AFM and 
prism were positioned, the approximate ETL3 and mirror voltage values for best focus of the edges of the 
cell were determined and entered into an initialization scan program written in MatLab. The number of 
slices per volume, camera exposure time, delay between volumes and laser power are also included in 
the program. The initialization scan generates a lookup table that contains voltage values for the best 
focus across the cell. The MatLab program is closed. HCImageLive and a LabView program, 
 Figure 3.4.1 Vertical light sheet 
volume imaging showed filopodia 
formation and dynamics. Selected 
frame from a volumetric movie 
(Visualization S4) of a RAW 264.7 
macrophage cell expressing HaloTag-F-
tractin labeled with JF549. Each volume 
consists of 75 slices each taken in 10 
ms (5 ms exposure, 5 ms transition 
time) for a 0.75 s total volume 
acquisition time with 100 ms delay 
between each volume. Total volume 
size is 12.5 µm x 26.7 µm x 25.9 µm, 
voxel size is 167 nm x 106 nm x 106 
nm.  We observed formation and 
movement of individual filopodium on 
second time scales. Figure used in Liu, 
Bei, et al.76 
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dual_color_3D_continuous_scan_with_delay_and_ETL_control.exe are opened. HCImageLive is set to 
External Level Trigger so the camera will be synched to the force data. The LabView program prompts 
the user to select the lookup table, and once selected, loads the experimental parameters into the 
program. This sets the imaging to wait for the AFM synchronization signal, which, as in the fixed light 
sheet case, is started in the Asylum Research software AFM Synch Window. 
3.5.2 Results and Observations for Volume Light Sheet Imaging of Phagocytosis with Force 
Spectroscopy. 
We collected a series of volume scans at 2.85s per two-color volume, which corresponds to a 10 
ms camera exposure time and 5 ms camera readout time with 7s delay between each volume. Figure 
3.5.1 displays selected volume frames and the corresponding forces during engulfment. The first image in  
Figure 3.5.1 Light sheet volume imaging of macrophage phagocytosis. (A) Image sequence of a 
macrophage as it attempts to engulf the AFM bead tip. RAW264.7 cells expressing HaloTag-Ftractin with 
JF549 dye and excited with 561 nm vertical laser light sheet demonstrate the actin dynamics during 
phagocytosis. Voxel size: 106 x 106 x 200 nm. Total volume: 28.1 x 21.7 x 19.0 µm. Time stamps 
represent the time at the end of the volume scan. Red lines on the force curve mark the corresponding 
volume frames. The bead tip, labelled with Goat pAb to Mouse IgG AlexaFluor488, was excited with 488 
nm vertical laser light sheet for the same exposure time as the 561 nm images. Each slice was imaged for 
10 ms with 5 ms alloted readout time. Each two-color volume is 2.85 s in total with 7 s delay in between to 
reduce photobleaching and phototoxicity for the half hour experiment duration. The first image 
corresponds to a point before the cup has started, the second to a point where the cup is forming and 
protruding up the bead, and the third, to a point where the cup has matured. Parts of a second cell show 
up in the background. (B) Force data synchronized to the imaging. A lowpass filter with cut off frequency 
of 0.064 Hz was applied to the data for visualization purposes. (C) A maximal image projection in the xy 
plane with accompanying intensity plot shows bright, punctate actin structures are regularly separated by 




Fig. 3.5.1(A) corresponds to a point where the phagocytic cup began to form, the second, corresponds to 
a point where the cup was progressing rapidly around the bead, the third, corresponds to a point where 
the cup had matured but had not progressed farther up the bead after several minutes. This suggests the 
cell ended with a stalled cup, unable to move past the equator of the bead. The large, transient spikes in 
the force data are most likely due to biological debris passing in the path of the AFM super luminescent 
diode.  
 From the volume imaging, we can now view F-actin signal throughout the cell, rather than a 
single slice.  Allows us to see unique features of the cup during different stages of engulfment and 
podosome-like actin structures. As seen in Fig. 3.5.1(C), upon doing a maximum intensity projection of 
the volume around the cup in the x-y plane, there appear actin accumulations spaced ~1.5 µm from each 
other at the base of the bead. While actin hot spots have been observed previously in macrophage 
zymosan engulfment6, these were considered localized pools of actin. The regular spacing of the 
structures and the dynamics seen in our FcɣR phagocytosis experiment suggest these are serving a 
more active function than local stores of actin. Our experiment suggests that podosomes-like structures 
formed, surrounded the bead and were probing the bead118. Other phagocytosis papers imaging actin see 
little evidence of such behavior117,119-122, but this may be due to the high-quality imaging and controlled 
phagocytosis experiment our system enables. This demonstrates the value of our system to image new 
biophysical phenomena. 
 
3.6 Moving Toward Incorporation of Torque Data in AFM Experiments.  
Largely ignored in AFM cell mechanics measurements is the AFM’s ability to measure lateral 
movement of the cantilever. This corresponds to an additional lateral spring constant that each cantilever 
has in addition to its normal (z-direction) spring constant. This lateral spring constant corresponds to a 
twisting mode of the cantilever and quantitatively is represented by a torque. By using the Lateral Sader 
Method as outlined in Appendix F, quantitative lateral data for phagocytosis experiments are easily 
collected. This grants easy access to an additional dimension of force that a cell might exert on a bead.  
 As shown in Fig. 3.6.1, torque data taken during the phagocytosis experiment presented in Fig. 
3.5.1 is plotted as a function of time. Besides there being a noticeable drift directed away from the prism 
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face, we a large amount of noise present in this data. With this particularly stiff cantilever (109 pN/nm in 
normal direction), a cell would have to exert 6nN of force on a 3µm radius bead to produce signal on the 
order of the noise present in this force curve. For a typical phagocytosis experiment, this is unlikely unless 
adhesion forces of phagocytosis are the subject of the investigation. Therefore, a ten-fold softer cantilever 
is recommended for such measurements to achieve the required resolution, which is the case for several 
experiments in the fixed light sheet data set. The spikes in the curve likely represent debris floating in the 
media interfering with the AFM’s SLD. With whole-cell volume imaging, more movement of the cell than in 
the z-direction can be determined. Additional dimensions of force could be correlated to the additional 
imaging dimensions. Lateral force data holds potential to inform forces produced by this cell motion. 
Figure 3.6.1 Torque data from 3D phagocytosis experiment. Plotted above is the torque measured by 
the AFM by the cell on the bead. The most notable is the drift in the lateral direction away from the prism. 
Because the cantilevers are stiffer in the lateral direction than in the normal direction, much larger forces 
are required to produce a measurable signal. With this particularly stiff cantilever (109 pN/nm in normal 
direction), a cell would have to exert 6nN of force on a 3µm radius bead to produce signal on the order of 
the noise present in this force curve. Therefore, a ten-fold softer cantilever is recommended for such 
measurements. The spikes in the curve likely represent debris floating in the media interfering with the 
AFM’s SLD. 
 
3.7 FcɣR Phagocytosis Conclusion. 
In the work described above, we demonstrated our system’s ability to discover meaningful 
biophysical phenomena and inform mechanical models of phagocytosis. We collected fixed light sheet 
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imaging with AFM force data to determine forces in phagocytosis and inform mechanical models of the 
phagocytosis. Volume imaging during phagocytosis led to the discovery of podosome-like structures 
surrounding the bead during phagocytosis. Finally, adding lateral force data holds the potential to inform 
forces in another dimension. Studying phagocytosis holds promise for treatments for fighting diseases 
where the body makes use of phagocytosis, which is true for the majority of viral or bacterial diseases.  
  
3.8 Introduction to Dectin-1 Mediated Phagocytosis. 
FcɣR phagocytosis is a well-studied process for identifying, engulfing and eliminating foreign 
pathogens. It is activated by the Fc domain of the antibody IgG. IgG is referred to as an opsonin because 
it attaches to the target particle. Another example of an opsonic phagocytosis is CR3 mediated 
phagocytosis, which is induced by the iC3b fragment of C3 complement123. FcɣR phagocytosis is 
categorized as type I phagocytosis which requires Cdc42 and Rac-1, while CR3 phagocytosis is type II 
and requires RhoA. There exist several opsonin-independent, or nonopsonic, phagocytic processes. 
Nonopsonic phagocytosis comes in three modes: first, where surface lectins on one cell interact with 
surface carbohydrates on another; second, protein-protein interactions with macrophage integrins binding 
to Arg-Gly-Asp (RGD) peptide sequence on microorganisms; third, hydrophobic interactions with the 
target and phagocytes can induce phagocytosis123. Dectin-1 is a pattern recognition receptor that belongs 
to the first mode of non-opsonic phagocytosis. Dectin-1 activates type I phagocytosis upon binding with ꞵ-
glucan ligands, like those present on fungal particles. Dectin-1 phagocytosis appears to differ from FcɣR 
phagocytosis in a few ways. Some studies on Dectin-1 phagocytosis have contradicting conclusions in 
different cellular contexts124, but there seems to be a difference in macrophages how much Src and Syk 
kinases are needed in either process. FcɣR phagocytosis needs both to proceed successfully. Inhibition 
of Src kinases only partially inhibit Dectin-1 phagocytosis, and Syk inhibition was found to not affect 
Dectin-1125. In Herant, et al., a computational model of cytoplasm, membrane and cytoskeleton was 
developed to describe experimental results of neutrophil engulfment of zymosan particles126. Three main 
differences to their earlier computational model on FcɣR phagocytosis had to be changed in order to 
realize experimental behavior: target interface interaction, lower polymerization rate at the pseudopod’s 
leading edge and a rise in cell viscosity. In order to replicate experimental results, the protrusive push at 
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the places of free membrane had to be lowered by half. Furthermore, Herant, et al. argues that 
phagocytosis, in general, is driven inward by membrane cortical tension, rather than cytoskeletal 
retraction. With such suggestive modeling, we sought to measure the forces involved in zymosan particle 
engulfment. In collaboration with Aaron Neumann out of Albuquerque, New Mexico, we performed a 
similar experiment to the FcɣR phagocytosis but with some differences that are described below. 
3.8.1 Method for Measuring Forces in Dectin-1 Phagocytosis Combined with Side View Line 
Bessel Sheet Imaging. 
HEK cells expressing Dectin-1-mEmerald (used in collaboration with Aaron Neumann)  were 
plated on polyacrylamide gels with collagen on round coverslips. Cells were put in HEPES buffer to 
maintain pH over the course of the experiment. The specimen insulator was clamped onto the top of the 
coverslip and filled with media. The humidifying well was filled with DI water. Temperature was set to 
37oC as explained in Appendix E. A calibrated cantilever (see Appendix F) on the AFM head with 
evaporation shield was placed onto the stage with the cantilever submerged in the media. The AFM 
cantilever had nonfluorescent zymosan particles attached to the end of the cantilever. We found zymosan 
particles stuck to the end of the cantilever without the need of an adhesive. 
A HEK cell was pressed with 300pN of constant force by the zymosan particle for 600 seconds 
while the Z-piezo was monitored for movement into the cell, as seen in Fig. 3.8.1 (A). The sharp spike in 
the force curve at 180 seconds in Fig. 3.8.1 (A) and subsequently showing in the indentation plot in Fig. 
3.8.1 (B) is most likely due to debris floating in the media moving in between the laser spot and the 
detector rather than the cell response. We do not expect the cell to respond in that amount of time. As 
shown in Fig. 3.8.1 (B), the cantilever indents into the cell, bottoming out to 4.24µm before an upward 
movement and eventually retracting. Flat areas of the indentation curve correspond to places where the 
cell is balancing the force of 300pN upward against the AFM. Downward movement corresponds to when 
the cell does not. This is difficult to interpret by examining force data alone. Either the internal parts of the 
cell are actively moving out of the way of the zymosan particle or the 300pN applied force from the AFM is 
pushing the cell out of the way. From the imaging data, we can surmise both happen during the 
experiment. The AFM dominated motion is evidenced at the beginning of the force curve where the cell is 
contacted and pushed down 2.5µm before balancing the 300pN force which happens at too fast a 
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timescale for the cell to actively react. The cell dominated motion is evidenced toward the middle of the 
force curve, where there is a slight upward movement of ~0.37 µm, which cannot happen without active 
movement by the cell. This upward movement corresponds to an exerted energy of 0.11fW by the cell. 
The upward movement is followed by a sharp and steady downward movement of about 1µm into the cell 
over the course of 1 minute. Around 310s, the cantilever lowers into the cell, just as Dectin-1 increases in 
brightness, as seen in image 4 of Fig. 3.8.1 (C). This preliminary experiment suggests there is an 
associated movement of the cantilever of about 2.4µm as Dectin-1 is recruited to the location of particle 
interaction which is suggestive of a phagocytic event. Furthermore, a large adhesive force can be seen in 
the force curve Fig. 3.8.1 (B). This magnitude of force is consistent with a large adhesion by the cell and 
similar to the magnitude of retraction forces observed in our FcɣR phagocytosis experiments.  
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Figure 3.8.1 Forces in Dectin-1 mediated zymosan particle phagocytosis. (A) A constant force of 
300pN was applied to an HEK cell expressing Dectin-1-mEmerald. This is seen as a flat value for most of 
the curve. The strong adhesive force during the retraction part of the curve suggests at least an initial 
phagocytic event occurred. (B) The indentation of the cell by the zymosan particles is plotted over the 









              
                  
                  
                





Figure 3.8.1 Continued. (C) A series of images from the phagocytosis experiment. 1, the cell before 
indentation, 2, the cell indented by ~2.4µm by the zymosan particle, 3, before the downward movement of 
the cantilever, 4, after the downward movement of the cantilever and significant brightening of Dectin-1, 
5, farthest indentation and point where cell rises to meet cantilever, 6, retraction of the cantilever raises 




3.9 Dectin-1 Phagocytosis Conclusion and Future Work. 
We can discern positional information of the cantilever from this data set. Future experiments are 
better off doing the constant z-position mode as in our FcɣR phagocytosis experiments. That mode allows 
direct measurement of the forces the cell exerts instead of the positions which redundantly can be 
measured by the imaging data. A second improvement is to make the zymosan particles fluorescent in 
another channel so we can see when they are engulfed by the cell and where contact is made. A third 
improvement is to allow the dwell portion of the curve to run as long as the phagocytosis experiments 
(30min). Toward the end of the experiment the cell appeared to rise to meet the cantilever, possibly in an 
attempt to complete the phagocytic cup, but was cut short by the retraction of the cantilever. 
  A major goal of studying nonopsonic phagocytosis is to understand the process of identification 
and engulfment of pathogens well enough to manipulate the receptors to enhance eradication of potential 
pathogens123. This is to be done while limiting damaging effects of the inflammatory response123. By 








Chapter 4: Summary and Future Directions 
The goals of this project were to develop and build an imaging system capable of incorporating 
multiple advanced fluorescence imaging techniques with AFM cell mechanics studies and apply the 
technique to biologically relevant studies. To that end, the first part of this project, the development of 
VIEW-MOD and combining it with PRISM-LS and AFM has produced a powerful tool for furthering cell 
mechanics studies. In the second part, the chapter on phagocytosis demonstrates the full capability of the 
system that measures forces in the process like never before, while the chapter on nuclear rupture 
demonstrates the AFM’s advantage of the large operating range of force application.  
In this chapter, I summarize the findings discussed in the previous chapters. Then, I move to 
future directions for both the instrument improvement and the biophysical studies the current system is 
poised to perform. Finally, I finish with conclusions about the project. The sections of this chapter are: 
4.1 Summary 
4.2 Future Work 
4.3 Conclusion 
4.1 Summary 
 A tool capable of applying and measuring the forces involved in how cells behave mechanically 
while simultaneously imaging the parts of the cell responsible for such interactions was developed. As 
described in Chapter 2, I expanded upon previous work combining AFM, with its versatility of operation 
and range of forces detectable, with the high-quality fluorescence imaging of light sheet microscopy by 
adding VIEW-MOD. Demonstration of the imaging capabilities included vertical and horizontal light sheet 
imaging, both with Gaussian and LBS pathways. Volume imaging of vimentin, lysosomes, and actin 
showed the diversity of applications of the imaging. Finally, I performed an AFM phagocytosis experiment 
with the actin cup imaged using two-color volume imaging. This is the first system to show AFM data 
combined with light sheet volume imaging. VIEW-MOD is the first multimodal system to contain 
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controllable point, broad and light sheet in one pathway. Furthermore, the volume imaging speed and 
imaging resolution is comparable or better than AFM-confocal setups. 
 In Chapter 3, I applied the capabilities of the AFM-VIEW-MOD with PRISM-LS to determine which 
models of phagocytosis best fits with the force and imaging data. The two most relevant phagocytic 
models to this experiment are those presented in van Zon et al., and Herant, et al. In van Zon et al., the 
model predicts a protrusive force interaction of the cell with the bead and for it to be greatest at the 
midpoint of the bead due to a mechanical bottleneck.104 Observing forces directed toward the cell from 
the outset of cup formation is in agreement with modeling performed by Herant, et al and van Zon, et 
al.104,106 The magnitude of the forces (~2 nN) is closer to that predicted by van Zon, et al. In addition, 
bright punctate actin formation at the bead-cell, suggestive of actin structures called podosomes, are 
associated with force generation, as supported in the literature.118,127 Furthermore, with the first 
implementation of a two-color volume light sheet imaging and AFM, I was able to show that volume 
imaging improves our understanding of phagocytosis. More specifically, I showed that by adding the third 
dimension to the imaging, the full cup is visible as it evolves over the course of the experiment. Adding 
the third dimension also allows AFM users to interpret the lateral force direction of the cantilever with 
fluorescence imaging. This is no small feat and is made possible by the Sader Method calibration of the 
AFM128-130 (See Appendix F for further discussion). To my knowledge, this is the first combined AFM and 
LSFM phagocytosis experiment. Furthermore, this is the first instance of podosome-like actin structures 
observed forming around the target particle during phagocytosis. 
   
4.2 Future Work 
There are three aspects to ongoing research that will further the studies I described. First, the 
phagocytosis experiments are poised to explore new directions of inquiry regarding the mechanics of the 
process. Second, the collaboration is studying the effects of nuclear damage and nuclear mechanical 
properties. Finally, with the flexibility afforded by VIEW-MOD, new and improved microscopy techniques 
are being designed for increasing the imaging quality and the imaging conditions for the cells.  
There are two types of phagocytosis discussed in Chapter 4, FcɣR-mediated and Dectin-1 
mediated phagocytosis. There are numerous other phagocytic pathways.131 Notable is CR3 or  
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complement mediated phagocytosis. CR3 mediated phagocytosis is described as sinking the particle into 
the cell rather than the protrusive engulfment of FcɣR phagocytosis.96 One of the opsonins that activates 
the phagocytic process is iC3b. A reasonable next step in the phagocytosis experiment is to coat the AFM 
bead tip in iC3b and determine if there is a difference in the force signature between FcɣR and CR3 
mediated phagocytosis. 
Work is proceeding rapidly in our lab’s understanding of nuclear mechanics. As shown in Figure 
4.2.1, rapid, high quality imaging of nuclei compressed with the AFM is a common occurrence in our lab 
thanks to the efforts of Chad Hobson. The collaboration between the Jan Lammerding Lab has moved 
toward imaging DNA damage that occurs when the nucleus is stressed. This requires volume imaging to 
locate the damage in time and space and uses the AFM to apply the damaging force. I look forward to 
what the experiments reveal about this important process. 
To further demonstrate the capabilities of the system and discover new biophysical phenomena, 
the phagocytosis experiment is to be combined with FRET biosensor imaging. GEF-H1 is guanine 
nucleotide exchange factor protein that is most notable for its activation of RhoA.132 RhoA is part of the 
 Figure 4.2.1 3D 
Nuclear 
Compression. A 
live SKOV3 cell, 
labelled with Syto 
Orange, a DNA 
label, is 
compressed. Three 
rotated views of the 
cell are shown. The 
AFM presses into 
the cell and dwells 
for 60s before 
retracting, as 
shown in the force 
curve above. Bright 












Figure 4.2.2. FRET Microscopy. Left: The GEF-H1 biosensor consists of a yPet and mCerulean3 FRET 
pair inserted into the hinge of the autoinhibitory domain to signal the change in conformation of the 
protein upon activation. It has been expressed into RAW and MEF cells. Right: The optical schematic for 
Hamamatsu W-VIEW Gemini optics splitter, which allows two-color FRET to be imaged on the camera. 
Rho-family small Guanine Triphosphatases and that generates contractile actomyosin stress fibers.133 
GEF-H1 localizes near microtubules when not activated, which provides a mechanism for the two main 
cytoskeletal components, actin and microtubules, to interact.134 GEF-H1 is implicated in cells’ response to 
force135,136 and more recently, implicated in important force-based immunity responses137,138. This makes 
GEF-H1 an intriguing protein to study. Megan Kern, in collaboration with the Klaus Hahn Lab, made RAW 
264.7 cells expressing a F-Tractin—HaloTag and a GEF-H1 mCerulean3/ yPet FRET pair, where the 
model of the FRET pair is shown in Figure 4.2.2. Using the Hamamatsu W-View Gemini optics splitter 
and PRISM-LS, she demonstrated GEF-H1 FRET signaling, as shown in Figure 4.2.3. The next step is to 
monitor FRET and image actin while phagocytosis is initiated with the AFM bead tip. This is an exciting 
experiment and one that I look forward to its results. 
Figure 4.2.3. FRET Side View Imaging. A cell expressing the GEF-H1 biosensor imaged using vertical 
light sheet microscopy. Using a 445 laser to excite the single chain biosensor, the acceptor and donor 
emission were simultaneously collected. With ratio imaging of these two channels, we are able to collect 
FRET data from the side. GEF-H1 appears to be activated within a protrusion. The heat map corresponds 




The full range of the possible imaging techniques of VIEW-MOD are not fully demonstrated. A 
range of many are listed in Appendix A. Finding cell mechanical applications to these techniques that take 
advantage of the AFM are discovered frequently. Demonstrating some of these with appropriate 
biophysical application is a logical next step. As discussed in Chapter 2, improvements can always be 
added to VIEW-MOD. The next generation of AFM combined with light sheet imaging will likely feature a 
lattice light sheet pathway, though this requires an adjustment in optical engineering, possibly with an 
open-top design and altered detection pathway for tilted light sheet.67,75,139 
  
4.3 Conclusion 
In this project, I developed a tool for cell mechanics studies. The AFM, VIEW-MOD and PRISM-
LS combined to enable live two-color whole cell volume imaging with synchronized force data. The 
system was applied to two cell mechanics phenomena, nuclear rupture and phagocytosis. In the 
phagocytosis experiment, I measured the forces that macrophages exert during engulfment and 
compared the results to currently published phagocytic models. Finally, I note the impressive experiments 
that will be performed and are beginning on this powerful instrument. 
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APPENDIX  A: TABLE OF VIEW-MOD APPLICATIONS 
A list of possible imaging modes that VIEW-MOD is capable of performing follows. This is by no 
means an exhaustive list, nor have all these been demonstrated by the system. Regardless, this 
demonstrates the versatility and flexibility of the optics system. 
Table A.1: Table of VIEW-MOD Imaging Modes 






Microscopy (2D & 
3D) 
As described in main text 1-4 (2D), 5 
(3D) 
Liu, Bei, et al.76  
Localized Point 
Illumination (2D & 
3D) 
As described in main text. This could be 
extended to control the z-position of the 
beam with use of module 5. 
1-3, 4 (3D) Liu, Bei, et al.76  
TIRF (variable 
angle or traditional) 
As described in main text 1-3 Liu, Bei, et al.76  
Widefield 
Epifluorescence 
As described in main text 1-3 Liu, Bei, et al.76  
Volumetric Imaging 
with vaTIRF 
Varying the incident angle subsequently 
varies the penetration depth of the 
evanescent field. Scanning the incident 
angle in connection with the imaging plane 
allows for z-sectioning within the full range 
of the evanescent field. Image stacks can 
be taken and reconstructed to form 
volumetric images. 
1-3,5 Fu, Y., et al.140 
Laterally swept 
LSFM with rolling 
shutter 
A light sheet propagates vertically from the 
objective lens and scans laterally either 
through the sample (y-z light sheet plane, 
x-y imaging plane) of across the prism (x-y 
light sheet plane, y-z imaging plane). The 
rolling shutter of a sCMOS camera is 
matched to the position of the light sheet 
as it is scanned to create high SNR 
images. 




LSFM (2D & 3D) 
A focused beam is scanned at a higher 
frequency than the image acquisition rate 
to create a light sheet. This light sheet can 
be used similarly to as we have described 
in the main text. 
1-4 (2D), 5 
(3D) 
Kashekodi, A. B., 
et al.82 
Axially Swept 
LSFM with rolling 
shutter 
A light sheet propagates vertically from the 
objective lens and scans laterally either 
through the sample (y-z light sheet and 
imaging plane) of across the prism (x-y 
light sheet and imaging plane). The rolling 
shutter of a sCMOS camera is matched to 
the position of the waist of the light sheet 
as it is scanned to create high SNR 
images. 















A focused light beam of high intensity 
bleaches a localized section of a sample, 
and the sample is then imaged and the 
recovery of the fluorescent intensity at the 
location of the bleaching is monitored. This 
lets a user understand the timescale of 
diffusion of the fluorescent molecules in 
the sample. 





With an appropriate laser and sample 
choice, our system can implement 2-
photon microscopy wherein one could 
achieve a focal volume on the femtoliter 
order for the illumination light. This could 
be used to perform precisely localized 
photoactivation or laser ablation in 3D.  
1-3, 4 (3D) Stratis-Cullum, D. 
N., et al.144 
HiLo Microscopy A focused beam passes through the 
sample parallel to the imaging plane and is 
stepped incrementally such that it creates 
a spatially periodic illumination pattern. An 
image is taken with the structured grid. 
The beam is then dithered faster than the 
camera exposure to create a light sheet; a 
second image is taken in the same 
location. The structured illumination image 
can then be used to demodulate the light 
sheet image. 
1-4   J. Mertz and J. 
Kim145 
    
STORM/PALM STORM and PALM are super-resolution 
techniques that rely upon on-off switching 
of fluorophores. With the proper sample, 
our microscope design is capable of these 
techniques using either TIRF or LSFM.   
1-4 (TIRF), 
5 (LSFM) 




APPENDIX  B: GAUSSIAN BEAM OPTICS 
Gaussian beam distribution is given by the radially symmetric intensity distribution, 




where 𝐼𝐼0 is peak intensity, r is radius from the center, and 𝜔𝜔0, is the waist size of the gaussian distribution. 
The waist size is defined as the point where the beam reaches 1
𝑒𝑒2
 of the peak intensity. 𝜔𝜔0 occurs in the 
place along the beam where the waist size is smallest. The evolution of the waist along the beam is given 
by, 






where 𝜆𝜆 is the wavelength of light, and z is the direction along the beam propagation. Another common 
method of reporting beam sizes is full width at half max (FWHM). FWHM is related to the waist size by 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 4�2 ln(2) 𝜔𝜔0. 
To design a gaussian light sheet with an appropriately sized waist, ray transfer matrices were 
used. However, before ray transfer matrices can be used successfully, the gaussian beam must be 
represented as a matrix. This is accomplished by performing a bilinear transformation. First, a useful 




, which is the place along the beam from the beam waist 
where the cross section of the beam is doubled. Moreover, the Rayleigh range is usful for determining the 
length along the gaussian light sheet that will provide acceptable imaging of a specimen. Now we can 
define the complex beam parameter, 𝑞𝑞. 
𝑞𝑞(𝑧𝑧) = 𝑧𝑧 − 𝑧𝑧0 + 𝑖𝑖𝑧𝑧𝑅𝑅, 
where z is the direction along the beam propagation, 𝑧𝑧0 is the location of the beam waist, 𝜔𝜔0, and 𝑧𝑧𝑅𝑅 is the 
Rayleigh range. Once a beam represented by 𝑞𝑞1 is passed through the system represented by the 
system matrix, 𝐹𝐹𝑆𝑆, and shaped into a beam represented by 𝑞𝑞2, given by the relation, 
 










and then 𝑞𝑞2 becomes, 




Using the equation for 𝑞𝑞2, we designed the gaussian light sheet starting with the size of the beam from 
the fiberport (300 µm) and solving for the focal lengths of lenses that would allow a light sheet waist size 




APPENDIX  C: NUMERICAL APERTURE AND POINT SPREAD FUNCTION 
Numerical aperture is a characteristic value of an optics system that tells the range of angles over 
which the system can collect or emanate light. Numerical aperture (NA), is defined as, 
𝑁𝑁𝐴𝐴 =  𝑛𝑛 𝑠𝑠𝑖𝑖𝑛𝑛 𝛼𝛼 
where n is the index of refraction of the imaging medium and α is the half angle of the cone of light 
collected by a lens, as shown in Figure C.1 (A). The cone of light is in actuality a 3D object and it 
assumes symmetry of collection around the lens. This symmetry does not hold in side view imaging with a 
micromirror. In this section, I will develop a method for calculating α in side view and then relate it to the 
NA of the system.  
Consider a point emitter, for example, a single fluorophore, that emits in all directions with axes x, 
y, and z and will be imaged by the micromirror in side view at 90O with respect to the substrate. First, let 
us determine the light collection angle in the y-z plane of the emitter. As shown in Figure C.1 (B) this 
plane is the triangular cross-section of the mirror. The point emitter is a height, ℎ, above the substrate and 
distance, 𝑑𝑑, from the edge of the mirror. The angle of light collection that the mirror can collect in this 









with S equal to the length of the sides of the mirror. Because I operate the imaging in the region 
where 𝑑𝑑 < 𝑆𝑆, the second equation for θ is the most relevant to the calculation. This total light collection 
angle is rotated 90O when the side view is imaged. As shown in Figure C.1 (C), the light collected in θ is 
limited by the light collection angle, α, of the objective, shown in light blue. Thus, as long as θ is greater 
than α, an assumption always true with current imaging practices, the angle of light collected in the y-z 







90o +  𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛(𝑆𝑆−𝑑𝑑
𝑆𝑆−ℎ
) 
𝑑𝑑 > 𝑆𝑆 




plane reduces to ɣ+α. In Figure C.1 (D), three plots showing how the total angle collected depends on 
reasonable operating distances from the mirror. The height range was chosen based on a typical cell’s 
height range, which can be as tall as 25µm, but is usually in the 10-15 µm range. A 70µm distance from 
the mirror is close to the upper range for doing side view imaging and AFM; a 50µm distance is near the 
lower limit for doing side view imaging and AFM. A 10µm distance from the mirror is commonly used 
when the AFM is not needed in an experiment. For 50µm and 70µm away, at best, the total light 
collection angle is 70% and 65% of the full collection angle of the objective, respectively. For fluorophores 
at the top of the cell when the cell is 10µm away, the angle of collection nears the double angle of light 
collection that is possible for the 1.2 NA water objective used. For fluorophores at the bottom of the cell, 
the collection is only half in the y-z plane as it is in plan view. In practice, the mirror sinks below the gel up 
to 30µm deep so that ɣ is greater than presented in this figure.  
 An inspection of this diagram reveals that ɣ can increase if the mirror is tilted clockwise away 
from 45o. This is easily achieved, but tilting the mirror in this manner can make the virtual image formed 
on the mirror significantly higher and away from the edge of the mirror. Attention must then be paid to the 
working distance of the objective, the optical power of ETL2 and location of the image formed. The first 
two are important for allowing enough room in the light sheet range to lower the thin section of the light 
sheet onto the cell. The last is important for making sure the image forms within the field of view of the 
camera. 
 Next, let us consider the point emitter in the x-z plane of the system. This plane is parallel to the 
mirror face. As shown in Figure C.2, the point emitter is a distance, 𝑑𝑑, away from the mirror with length, 𝐿𝐿, 
which is split into two parts, 𝑙𝑙1 and 𝑙𝑙2, whose lengths depend on how close the emitter is to one side of 
the mirror or the other. Once the image is rotated 90o in side view, the light collection angles, φ1 and φ2, 
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𝑑𝑑





As was previously done in Figure C.1, three plots at different fixed distances, 10µm, 50µm and 70µm are 
shown for various positions along the mirror edge. This suggests that, for AFM applications, I can expect 
10% less NA from the x-z plane of the point emitter. For side view imaging without AFM, I can expect to 
achieve an objective limiting light collection angle. 
 When calculating NA, the sine of the angle and the index of refraction of the imaging medium 
(1.33 in this setup) must be included. Figure C.3 shows the NA for three of the four light collection angles 
with the fourth being objective lens limited. The height value in ɣ is taken closer to operating conditions 
(the mirror is taken at 30µm below the substrate). To estimate y-z plane resolution in normal operating 
conditions, I chose the ɣ angle NA as 0.85 and the NA of θ as 1.2 because it is objective lens limited. 
Using the average of these two values and the Rayleigh criterion for resolution, 0.61 𝜆𝜆/𝑁𝑁𝐴𝐴, a 550nm 
wavelength predicts 327nm resolution in the z-direction of the side view image formed. Similarly, for x-z 
plane resolution, taking φ1 angle NA as 1.1 and φ2 angle NA as 1.2, I get an average of 1.15. Using the 
Rayleigh criterion for resolution, 0.61 𝜆𝜆/𝑁𝑁𝐴𝐴, a 550nm wavelength predicts 292nm resolution in the x-
direction of the image formed. This gives an estimate for one particular region of the specimen. The 
resolution will, of course, vary over the height of the specimen, as explained. As for image brightness, I 
can expect the NA of side view imaging to be approximately 90% of plan view imaging with our 1.2 NA 
water objective. Because 𝐼𝐼𝐼𝐼𝑎𝑎𝐼𝐼𝐼𝐼 𝐵𝐵𝑟𝑟𝑖𝑖𝐼𝐼ℎ𝑎𝑎𝑛𝑛𝐼𝐼𝑠𝑠𝑠𝑠 ∝ 𝑁𝑁𝐴𝐴2, the light collection in side view is predicted to be 
81% of plan view. This is greater than what is observed during experiments. The additional loss of 
brightness could be due to the aluminum reflective coating on the micromirror. A reasonable assumption 
is that the mirror reflects 85% of visible light. The 15% reduction places the brightness within the range of 
what is observed during experiments. 
 Our side view microscopy is most like oblique plane light sheet imaging. To get an idea of what I 
should expect for the point spread function, I look to the numerical calculations performed in Kim, et al.147 
Using the plot of the FWHM of the PSFs of the 1.30 NA objective, which is closest to the 1.2 NA objective, 
a FWHM of no better than 300nm can be expected. This is close to a previously reported measurement, 
which is 308 nm.47  
Determining the point spread function of the system was a technical challenge, primarily because 
the auto focus algorithm cannot be used to scan through a single point source reliably. Summarizing how 
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we accomplished this: we used 0.1 µm red fluorescent beads suspended in PA spheres imaged by 
scanning the Line Bessel sheet through the bead and sweeping through different starting positions for the 
ETL3. The sweep with the tightest point was chosen as the point spread function. 
 As demonstrated in Figure C.4, the optical theory for the point spread function at the bead’s 
location is in excellent agreement with what is measured by the system. This means that our system 
optics are close to optimal performance, the sample used limited detrimental optical effects, and the 
theory is robust through the farthest imaging expected during experiments.  Because imaging during AFM 
experiments occurs between 50µm and 70µm, the expected resolution will be better; for 50µm we expect 
330nm x-axis resolution, and 550 nm z-axis resolution; for 70µm we expect 366nm x-axis resolution and 



































Figure C.1 Numerical aperture of the y-z imaging plane. A) The numerical aperture is dependent on 
the half-angle of the cone of light that a lens can collect, here labelled as α. B) A diagram showing the y-z 
imaging plane of a point emitter a distance, d, away from the mirror and height, h, above the substrate. C) 
The point emitter is rotated 90o when imaged in side view. θ becomes limited by the angle that the 
objective can collect, in this case α=64.4o, while ɣ is typically less than α. D) Three plots at fixed 
distances, 10µm, 50µm and 70µm, showing the total light collection angle in the y-z plane over varying 
heights above the substrate. The dashed red line shows the full objective limited angle, 128.8o, which is 

































Figure C.2 Numerical aperture of the x-z imaging plane. A) A diagram showing the x-z imaging plane 
of a point emitter a distance, 𝑑𝑑, away from the mirror with partitions 𝑙𝑙1 and 𝑙𝑙2. The height, ℎ, above the 
substrate is shown for orientation. B) The point emitter is rotated 90o when imaged in side view, forming 
the two angles of the partitions, 𝜙𝜙1 and 𝜙𝜙2. C) A 3D graphic showing all the dimensions of the point 
emitter for the x-z plane. D) Three plots at fixed distances, 10µm, 50µm and 70µm, showing the total light 
collection angle in the x-z plane over varying positions along the edge of the mirror. The dashed red line 








Figure C.3 Numerical aperture varies across height and position. Two plots at fixed distance 50µm, 
showing the numerical aperture for three of the four angles with appropriate operating conditions for side 
view and AFM experiments over varying height above the mirror edge and varying mirror edge position 
for φ1 and φ2. For each separate angle, NA was calculated as NA=1.33 sin(angle). The fourth angle is 
objective lens limited, so NA = 1.2. 
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Figure C.4 Point spread function of side view imaging. From bottom left going clockwise: An optical section of the 
PSF in the x-y plane, an optical section of the PSF in the x-z (side view) plane, an optical section of the PSF in the y-
z plane, the plotted profiles of each axes through the center of the PSF and the theoretical calculated plot for the Y 
direction. The blue dotted lines in the profile plots are the gaussian fit to each plot from which the FWHM is 
determined. X is the direction parallel to the prism edge, Z is the direction from substrate to top of cell and Y is the 
light sheet stepping direction. Using the theory presented above and the Rayleigh criterion for resolution, we calculate 
a x-axis resolution of 381 nm and a z-axis resolution of 574 nm with values based on the bead position with respect 
to the prism and substrate (d = 77 µm, h = 5 µm,  l1 = 60 µm, l2 = 120 µm, ʎ = 605 nm). The expected axial (y-axis) 
PSF profile is calculated using these values then combined with the PSF profile of the Line Bessel sheet (FWHM= 
739 nm). Experimentally determined values are in excellent agreement with theory. The distance where the PSF was 
taken represents the expected worst imaging for normal conditions. Closer to the prism (d = 10 µm), x resolution is 
objective lens limited (res ~ 310 nm), and z resolution is ~ 400 nm. This is in line with what we published previously.47 
Typical cell distance to the prism with the AFM in place is between 50 µm and 70 µm. See Online Methods for 




APPENDIX  D: CLEANING PRISMS 
In the course of imaging with the prisms in media with biological specimens, debris inevitably 
accumulates on the prism imaging surface. The debris comes in two primary types: lipids and proteins. 
First, lipids or other polysaccharides from the cell membrane shed by cells either through exocytosis or 
blebbing can accumulate on the prisms. This produces a greasy film coating on the prism. To remove the 
film, 1% weight by volume sodium dodecyl sulfate (SDS) (Sigma) is mixed into deionized water, then the 
prism is soaked in vial of the solution for 15 minutes. After the soak, the prism is rinsed with deionized 
water several times. This will remove biological films from the prism surface. On the rare occasion that the 
high vacuum grease sealing the coverslip comes into contact with the prism surface, a soaking in SDS, 
followed by a rinse is sufficient to remove the grease. 
 Second, protein aggregates will adhere to the prism imaging surface. Proteins can have negative 
charged regions, positive charged regions, hydrophobic regions and polar regions or some combination 
of these. For this reason, finding a coating that fully prevented proteins from adhering to the prism surface 
is challenging. Perhaps the best coating was hexamethyldisilazane (HMDS ), which was vapor deposited 
onto the prism. However, the coating lost its effectiveness rapidly and the length between prism cleanings 
with and without the coating was negligible. Thus, a robust method of cleaning the prisms had to be 
developed in order to reuse them. The usual method of cleaning optics, with a mixture of acetone and 
methanol, was not tenable because the Norland glue holding the prism to the capillary tube is dissolved 
by acetone. The cleaner used to remove the proteins is Red First Contact Polymer (Photonic Cleaning, 
USA). Although it is acetone based, the ability to place the polymer at a specific spot on the capillary tube 
allowed the polymer to dry without dissolving the glue. Carefully removing the polymer from the capillary 
tube and prism removed debris from the prism surface. If the prism needed additional cleaning, the 
process was repeated. 
 With these two cleaning procedures, biological debris and films could be effectively removed from 






APPENDIX  E: ENVIRONMENTAL CONTROL 
A 3D printed custom specimen insulating chamber (Thingiverse 2035546) was placed on top of 
the coverslip, with the hole aligned so that the prism may enter. The specimen insulator was magnetically 
secured to the heated microscope stage using Asylum Research’s petri dish clamp. A thin circle of 
silicone grease (High Vacuum grease, Dow Corning, USA) secured the specimen coverslip to the 3D part 
as well as functioned to prevent leakage of media. Deionized water was added to a well in the specimen 
chamber to reduce evaporation. The AFM head with evaporation shield and a calibrated, functionalized 
cantilever was placed on the scope with the cantilever in the media and allowed to equilibrate. 
The specimen insulating chamber sits atop the circular sample coverslip. The specimen insulator 
made use of the Asylum Research Petri Dish Heater and magnetic petri dish clamp while also allowing 
the prism to freely enter and exit the specimen space. A well that runs along the inside of the specimen 
insulator above and separate from the specimen media holds DI water to increase humidity of the 
chamber and discourage evaporation of the media. Additionally, the AFM head is equipped with an 
evaporation shield to act as the top of the specimen insulating chamber. Once the chamber is enclosed a 
stable temperature environment (37oC) can be maintained with minimal evaporation. 
In addition to the petri dish heater, we used an objective heater (HK-100, Thorlabs) with a PIV 
controller (TC200, Thorlabs) to maintain the temperature at the sample location. Settings for both the 
objective lens and petri dish temperature controllers were adjusted until the specimen reached the 
desired temperature, stability and gradient. The specimen temperature was measured with an Omega 
thermocouple placed directly in a test media. 37.0oC was achieved with a 0.1oC gradient of the media 




APPENDIX  F: NOISE CONTRIBUTIONS AND THE SADER METHOD IN AFM 
 In Appendix F, we evaluate our AFM’s capability to execute piconewton level force spectroscopy 
and the theoretical and procedural basis for the calibration method employed in the phagocytosis 
experiments. These are addressed in two sections:  
F.1 Noise Contributions in AFM Force Spectroscopy Measurements. 
F.2 The Sader Method. 
F.2.1 A Previous Method. 
  F.2.2 The Sader Method for Normal Spring Constant. 
  F.2.3 The Sader Method for Torsional Spring Constant. 
 
F.1 Noise Contributions in AFM Force Spectroscopy Measurements. 
According to Dey and Szoszkiewicz, there are four main sources of noise in AFM force 
spectroscopy measurements: first, optical noise from the laser source; second, electronic noise in the 
photodiode; third, mechanical noise of the cantilever, which includes its thermal (Brownian) noise, thermal 
drift, and spurious interactions with dust particles and contaminants in the medium; and fourth, noise 
induced by vibrations of mechanical components of the setup as well as ambient acoustic noise.148  
The third of these is the dominant form of noise. Interaction by debris in the media is a nearly unavoidable 
problem in dealing with live cells, which excrete and shed particles into their environment. The noise from 
particles in the media show up as large, short-lived spikes in the force data. These portions of the force 
data are typically discarded during analysis. Thermal drift can be a problem, especially for temporally long 
experiments. It is reduced with an equilibrated cantilever, temperature control environment and frequent 
virtual deflection baseline corrections. Furthermore, thermal drift frequently shows up as a clear linear drift 
which is easily corrected for in the force data. The greatest source of noise is, usually, the Brownian noise 
from the cantilever148. We wish to show that our instrument is thermally limited for the experiments we 
perform. However, because there exist mechanical optical components inside the AFM in our setup, we 
must also show that vibrational or acoustic noise from these components is negligible.  
 To determine the noise in the system, first, we placed a cantilever in media and compared the 
thermal spectrum near the surface with a thermal spectrum as it is engaged with a gel. As seen in Fig. 
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F.1.1, although the noise increases in contact with the gel compared to when it is merely near the 
surface, the noise remains well below the sensitivity needed for the phagocytosis experiment. Second, we 
performed a fixed position AFM curve like those performed during the fixed light sheet phagocytosis 
experiments of another cantilever in media with volume scanning and without volume scanning at 2kHz 
bandwidth. We performed a Fourier transform on the force curve to show the frequency spectrum and to 
show if any noise sources contributed significantly, as plotted in Fig. G.1.2. For the volume scan 
parameters used in the AFM curve suggested there should be noise at 0.4 Hz, 25 Hz and 200 Hz. 
Contributions to the noise at 0.4 Hz and 200 Hz are seen in the right hand curve. However, they are on 
the order of single piconewtons or less, which is acceptable for our experiments. The two peaks that are 
apparent at high frequencies in both no scanning and scanning occur at 60 Hz and 120 Hz, indicating 
some small AC electronic noise is present. 
 
F.2 The Sader Method. 
In order to calibrate our cantilevers, we use the Sader Method34. For the Asylum Research software, 
there are four steps to the calibration routine: 
1. Find the resonant frequency, f0, and quality factor, Q, by the Thermal Method in air. 
2. Find the spring constant by using the Sader equation for rectangular cantilevers. 
3. Move the cantilever to experiment media.  
4. Take a thermal in liquid and fit for Inverse Optical Lever Sensitivity (InvOLS). 
I will address each of the steps and explain their purpose in this section. In this section, I assume the light 
bouncing off the cantilever and onto the photodiode is well aligned. 
F.2.1 A Previous Method. 
First, I must motivate why this method was chosen over the more commonly used method.  
A method commonly used for cantilever calibration involves three main steps: 
1. Collect a virtual deflection curve and fit a line to correct the baseline of the deflection-position 
curve. 
2. Press the cantilever on a hard substrate until the deflection reaches a determined voltage and fit 
the deflection-position curve for the InvOLS. 
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3. Take the cantilever far from the substrate and collect a thermal, fitting the thermal to a simple 
harmonic oscillator to find the spring constant. 
In this procedure, the step that is problematic for the phagocytosis experiments is step two. The cantilever 
bead tip is functionalized with IgG. This means that in step two the functionalized bead must touch 
another surface. There are two problems with touching another surface: One, the IgG can be removed by 
contact with the surface, and, two, debris can be deposited from the surface to the bead tip. Because we 
want to keep the tip as unaltered as we can, moving to a method where no contact with another surface 
occurs is ideal. Furthermore, fitting procedures in step 2 can lead to errors by 10% or more32. The Sader 
Method solves this problem by avoiding contact with another surface. 
 F.2.2 The Sader Method for Normal Spring Constant. 
Rather than finishing with the Thermal Method, the Sader Method begins with it. A thermal is 
collected in air far from any surface. As shown in figure [thermal], the thermal is a collection of the 
amplitudes of the thermal frequencies of the cantilever. After the user defines the range about which the 
resonant frequency is found, we fit the resonant frequency of the cantilever to the spectrum amplitude 
equation of a simple harmonic oscillator,  














where f is frequency, Awhite is the white noise offset, f0 is the resonant frequency of the cantilever, Q is the 
quality factor, and A0 is the frequency coefficient. The primary purpose of fitting to the thermal data is to 
find the resonant frequency and quality factor. f0 and Q are then plugged into the Sader equation for 
rectangular cantilevers to find the spring constant, given by 
 
k = 0.1906ρ b2L Q Γi(2𝜋𝜋f0, 𝑏𝑏)(2𝜋𝜋f0)2 , 
 
where, ρ is the density of air, b is the width of the cantilever, f0 is the resonant frequency of the cantilever, 




The hydrodynamic function for a circular cylinder is as follows, 
Γcirc  =
1 + (4𝑖𝑖 𝐽𝐽1(−𝑖𝑖 �𝑖𝑖𝑖𝑖𝐼𝐼(2𝜋𝜋𝑓𝑓0, 𝑏𝑏))
(�𝑖𝑖𝑖𝑖𝐼𝐼(2𝜋𝜋𝑓𝑓0, 𝑏𝑏) 𝐽𝐽0(−𝑖𝑖�𝑖𝑖𝑖𝑖𝐼𝐼(2𝜋𝜋𝑓𝑓0, 𝑏𝑏))
, 
where 𝐽𝐽1(𝑥𝑥) and 𝐽𝐽0(𝑥𝑥) are Bessel functions and 𝑖𝑖𝐼𝐼(𝑓𝑓, 𝑏𝑏) is the Reynolds number, which is calculated in 
terms of density, 𝜌𝜌, the viscosity of air, 𝜂𝜂, the frequency, 𝑓𝑓, and width of the cantilever, 𝑏𝑏, as, 
𝑖𝑖𝐼𝐼 = 𝜌𝜌𝑓𝑓𝑏𝑏2 ⁄ (4𝜂𝜂). 
For a rectangular beam, the function can be approximated as 
Γrect = Γcirc Ω(Log10(𝑖𝑖𝐼𝐼(2𝜋𝜋𝑓𝑓0, 𝑏𝑏)), 
where omega is the correction function, Ω (z) = Gr + iGi, which is split into its real and imaginary 
components, Gr and Gi, respectively. The real part is given by 
Gr(z) =
0.91324 − 0.48274 z + 0.46842 z2 − 0.12886 z3 + 0.044055 z4 − 0.0035117 z5 + 0.00069085 z6
1 − 0.56964 z + 0.48690 z2 − 0.13444 z3 + 0.045155 z4 − 0.0035862 z5 + 0.00069085 z6
, 
and the imaginary part is given by 
Gi(z) =
−0.024134 − 0.029256 z + 0.016294 z2− 0.00010961 z3 + 0.000064577 z4 − 0.00004451 z5
1 − 0.59702 z + 0.55182 z2 − 0.18357 z3 + 0.079156 z4 − 0.014369 z5 + 0.0028361 z6
. 
 Thus, the spring constant can then be found inserting the values of f0 and Q found through fitting the 
thermal to an SHO and the dimensions of the cantilever into the Sader equation. 
Once the spring constant is determined in air, the cantilever is moved to the media in which the 
experiment takes place. In order for forces in the experiment to be quantitative, the conversion between 
the deflection of the cantilever and the voltage registered by the AFM must be found. As mentioned 







where 〈δV2〉 is the root mean square of the voltage deflection, Χ is the correction factor, kn, is the normal 
spring constant, kB is the Boltzmann constant and 𝑇𝑇 is the temperature. The cantilever is calibrated and 
ready for the experiment with the bead tip’s functionalization still intact. 
 F.2.3 The Sader Method for Torsional Spring Constant. 
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A similar method can be performed for finding the lateral (torsional) spring constant129,130,149-151. The 
same procedure as outlined for the normal spring constant is followed with the following exceptions.  
1. During the collection of the thermal in air, the lateral portion of the photodiode voltage signal is 
recorded instead of the normal portion. 
2. To find the spring constant, the dimensions and the values for f0 and Q are entered into the lateral 
Sader equation. 
The lateral Sader equation is 
kt  =   0.1592 (2πf0)2ρ b4L Q  Γi(Log10(𝑖𝑖𝐼𝐼(2𝜋𝜋𝑓𝑓0, 𝑏𝑏)) , 
where Γi is the imaginary part of the hydrodynamic function. The imaginary part of the hydrodynamic 
function can be approximated for a rectangular beam as, 
Γi =
0.41
 √10z+  110z)
0.82494 − 0.67701 z + 0.41150 z2 − 0.16748 z3 + 0.04897 z4 − 0.01107 z5 + 0.00148 z6
1 − 0.72962 z + 0.40663 z2 − 0.16517 z3 + 0.04907 z4 − 0.01110 z5 +  0.00148 z6
. 
For the phagocytosis experiments, the normal spring constant was used. I collected the lateral thermal for 
air and liquid and lateral volts during the experiments. The lateral spring constant and InvOLS were 
calculated after the experiment, where 𝐼𝐼𝑛𝑛𝐼𝐼𝐼𝐼𝐿𝐿𝑆𝑆 = √(2 k𝐵𝐵 𝑇𝑇 (π ktf0PDC𝑄𝑄)⁄ ). 𝑃𝑃𝐷𝐷𝐶𝐶 is the DC output of the AFM 




Figure F.1.1 Thermal frequency spectra of cantilever. Left is plotted a thermal collected over a MHz 
range of frequencies for a cantilever near the surface at 37oC. The main peak is the thermal contribution 
from the cantilever. Right is plotted a thermal collected over a MHz range of frequencies for a cantilever in 
contact with the surface and with volume scanning at 37oC. For collection at 2kHz, which is the bandwidth 
at which experiments are collected, the total noise as xRMS is 0.189nm which corresponds to ~16pN of 
noise. 
 
Figure F.1.2 Fourier Transform of fixed z-position time series. Left shows the Fourier Transform of a 
fixed z-position AFM time series of a cantilever engaged with a gel substrate at 37oC. Right shows the 
same cantilever engaged with the gel substrate and with volume scanning. Both are 65 second portions 
of the full dwell taken at 2kHz bandwidth. For the volume parameters used, we expected noise at 
frequencies at 0.4 Hz, 25 Hz and 200 Hz. Contributions to the noise at 0.4 Hz and 200 Hz are seen in the 
right hand curve. However, they are on the order of single piconewtons or less, which is acceptable for 
our experiments. The two peaks that are apparent at high frequencies in both no scanning and scanning 





APPENDIX  G: ALIGNMENT OF PRISM OPTICS 
 In order to achieve the best imaging quality, the light sheet and prism must be aligned so that, at 
the specimen plane, each tilt is set to its imaging angle. There are five tilts that need to be adjusted in the 
following order. First, the prism reflective face is set to 45o with respect to the substrate. Second, the light 
sheet is rotated so that the long axis of the sheet is parallel to the prism edge. Third, the light sheet tilt 
that rotates along the long axis of the light sheet is adjusted so that its angle with respect to the substrate 
is 90o. Fourth, the light sheet tilt that rotates along the short axis is adjusted so that its angle with respect 
to the substrate is 90o. Fifth, the far field is adjusted so that the light sheet is centered far from the 
objective. How each adjustment is achieved is detailed in this appendix in the following sections: 
 G.1 Prism Roll Alignment 
 G.2 Light Sheet Axial Rotation Alignment 
G.3 Light Sheet Long and Short Axis Tilt Adjustment 
 G.4 Light Sheet Far Field Adjustment 
G.1 Prism Roll Alignment 
A premade prism is selected and secured to the translation stage with an optical screw flush 
against the constraints. Water is added to the 60x water objective. A lab-made prism calibration slide is 
placed on the stage and secured with magnets. Its design is described in the following text and is 
depicted in Fig. G.1.1 (A). There are two coverslips with 40nm red and green beads (Invitrogen, USA) in 
glycerol in between the two. The coverslips are sealed with nail polish. On the top surface are 15µm shell-
labeled fluorescent beads (Life Technologies, USA). DI water is added to the surface. The objective is 
raised to focus on the top layer of the calibration slide. A 15µm fluorescent bead is found. The prism is 




Figure G.1.1. Prism and Light Sheet Alignment. (A) Cartoon of the prism calibration slide. Red and 
green beads are suspended in glycerol between two coverslips. 15µm shell-labelled fluorescent beads sit 
on the top coverslip. (B) The light sheet is rotated to align with the prism edge. (C) The light sheet 
oscillates axially to adjust tilt along the long axis. (D) The light sheet oscillates axially to adjust tilt along 
the short axis. (C) and (D) are adjusted simultaneously. 
Opening the Lab-view software, the AOTF is set to an appropriate level for laser power and the 
light sheet’s position is moved by the lateral scanning mirror until the light sheet is hitting the shell-
labelled bead. As the objective is raised, the sideview of the bead comes into focus. Using the roll 
micrometer on the tilt stage, the prism is adjusted until the bottom of the bead image forms directly over 
where the edge of the prism is on the coverslip in plan view. This corresponds to a 45o angle of the prism 
reflective surface with the coverslip. A 45o angle does not maximize the light collection of the system, but 
it does ensure the image is within the field of view and working distance of the objective lens. 
G.2 Light Sheet Axial Rotation Alignment 
 To align the light sheet with the prism edge, first, the camera is turned on and used to help the 
alignment process. The prism’s edge is found in brightfield plan view using the camera. A reference 
marker is used to match the line that makes the edge. The objective is lowered to focus on the bead layer 
with the light sheet propagating through. ETL2 is adjusted so that it becomes a focused line in plan view. 
Using the cylindrical lens in the LBS light path, the light sheet is rotated until its image in the camera 
aligns with the marker used for the prism edge, as depicted in Fig. G.1.1 (B). In the Gaussian light sheet 
pathway, the cylindrical lens before the lateral scanning mirror is rotated to align with the marker. 
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 Proper alignment of the axial rotation ensures that the illumination across the specimen is uniform 
across the x-axis of the imaging in side view. 
G.3 Light Sheet Long and Short Axis Tilt Adjustment 
 To adjust the light sheet long and short axis tilt, first, ETL2 is set to sinusoidal oscillatory mode 
using the Optotune software. This shows the degree of tilts of the light sheet with respect to the 
specimen. Using the tilt mirror in the LBS path, the light sheet is adjusted so that the light sheet image 
oscillates in a symmetric pattern along the long axis and the short axis, as depicted in Fig. G.1.1 (C) and 
(D), respectively. This ensures the light sheet is parallel to the prism face.   
 Proper alignment along the long axis ensures the illumination along the z-axis is perpendicular to 
the substrate. If the long axis is not aligned well, the specimen top and bottom will be illuminated out of 
focus. Proper alignment along the short axis ensures the illumination beam propagates parallel to the z-
axis. Any shadows created from light absorption in the specimen should be cast perpendicular to the 
substrate.  
G.4 Light Sheet Far Field Adjustment 
 The final step is to check the pattern that the light sheet forms far from the objective lens. The 
light sheet should be centered in the objective lens and diverging along the axial axis and not at an angle 
with respect to the axial axis. The mirror immediately before the tube lens is adjusted to change the light 
sheet far field. If the system is well aligned, the far field should be adjusted infrequently and with small 
adjustments. 





APPENDIX  H: A TABLE OF OPTICAL COMPONENTS USED IN VIEW-MOD 
In the following table, a list of components used in VIEW-MOD is given, along with price for each 
component. VIEW-MOD allows multiple imaging techniques for a single price, dispensing with the need to 
buy another microscope for a separate imaging technique.  
Table H
.1: A table of optical com
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